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Manager. ;
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SUMMARY

Two single-stage, axial flow compressors were designed and tested to
evaluate the effectiveness of long chord low aspect ratio blading as a means of
obtaining higher stage loadings. One compressor, designated Stage F, was com-
prised of circular arc blading with an aspect ratio of 0.9 for both the rotor and
stator. This compressor, with a design weight flow of 17.11 kg/sec (37.73 lb/sec),
was tested with uniform inlet flow, hub and tip radial inlet distortion and 180 deg
arc circumferential inlet distortion. The second compressor, designated Stage G,
was comprised of multiple circular arc blading with an aspect ratio of 1, 0 for
both the rotor and stator. This compressor, with a design weight flow of
16.72 kg/sec (36.86 lb/sec), was tested with uniform. inlet flow only. A mean-
line inlet prewhirl of 11 and 22 deg was generated for Stage F and Stage G, re-
spectively, with a 63 series inlet guide vane set at two different chord angles.
Both compressors were tested in a 0.77 hub/tip ratio, rotating drum/cantilevered
stator compressor test rig. The specific flow and rotor inlet Mach numbers
were consistent with design practice for middle stages of multistage compressors,
but the blade loadings were appreciably higher,

At design equivalent rotor speed and flow conditions, Rotor F and Rotor F-
Stator F pressure ratios were 1.595 and 1,561 for uniform inlet flow as com-
pared to the design values of 1.614 and 1.565. The corresponding measured
adiabatic efficiencies were 91. 8 and 86.7% compared to design values of 94.5 and
87.8%., Imposition of hub radial, tip radial and circumferential distortion re-
sulted in respective changes of -3.7, ~1.4 and ~4.5% in adiabatic efficiency and
-0. 047, +0.008 and -0. 021 changes in pressure ratio for the rotor-stator relative
to the uniform inlet flow values at design equivalent rotor speed and flow. At
design equivalent rotor speed, compressor surge occurred at 4.2% lower flow
with hub radial distortion, 1.4% higher flow with tip radial distortion, and 3. 8%
higher flow with circumferential distortion when compared to the uniform inlet
surge flow. Both the hub radial and tip radial inlet flow distortions were sub-
stantially attenuated by the compressor but the circumferential inlet flow distortion
was only slightly attenuated at the endwalls.

Rotor G and Rotor G-Stator G pressure ratios at design equivalent rotor
speed and flow conditions were 1,640 and 1,585 as compared to performance
goals of 1.657 and 1.604. The corresponding measured adiabatic efficiencies
were 89. 9 and 83.5% and the performance goals were 90.6 and 84, 14%.

Comparison of the performance for Stage F and Stage G shows that both
stages operated at high loading levels with adequate efficiency and operating
range. The peak efficiencies and corresponding average stage diffusion factors
for Stages F and G at design rotor speed were 86.4% and 84.1% and 0.59 and
0.55, respectively. The surge margin at peak efficiency for Stage F was 12. 6%
and the corresponding value for Stage G was 16.5%.

The peak pressure rise coefficient for Stage F at design rotor speed was
approximately 30% higher than that of Stage G. Both stages exhibited substantial
degradation in efficiency as the rotor speed was increased; however, Rotor G
(multiple circular arc) delayed the onset of the rapid loss in efficiency with
increasing Mach number to higher Mach numbers.




INTRODUCTION

Advanced commercial and military gas turbines must emphasize fuel
economy as well as minimize initial and maintenance costs., Toward this end,
compressor technology leading to high stage pressure ratio with high efficiency
is a prime requirement. The objective of this program is to provide this tech-
nology. During the initial phases, the performance potential of highly loaded
tandem bladed compressor stages was investigated. Recent studies performed
at Pratt & Whitney Aircraft have shown that another promising approach to ob-
taining higher stage loadings is through the use of low aspect ratio blading.
Toward demonstration of this objective, two single-stage compressor programs,
designated Task IV and Task V of Contract NAS3-11158, were undertaken to ex-
perimentally evaluate the performance of low aspect ratio blading configurations
as a means of achieving high diffusion loading.

The stage evaluated in Task IV had circular arc blading and was designated
Stage F, whereas, the stage evaluated in Task V, designated Stage G, had
multiple circular arc blading. Stage F was tested with uniform inlet flow, hub
and tip radial distortion, and circumferential distortion of the inlet flow. Stage G
was tested with uniform inlet flow.

This two-volume Final Report presents the design of Stage F and the overall
and blade element performance of Stage F and Stage G. Volume I is divided into
three parts: Part I contains the aerodynamic and mechanical design and overall
and blade element pérformance for Stage F, Part II contains the overall and blade
element performance for Stage G, and Part IIl is a comparison of the two com-
pressor stages.

Volume II presents tabulations of airfoil coordinates, overall and blade
element performance data and the vector diagrams resulting from the tests of
both Stage F and Stage G in SI (Metric) and U. S. Customary units. Throughout
Volumes I and II of this report, the symbols defined in Reference 1 have been
incorporated.



PART I

TASK IV - STAGE F AERODYNAMIC AND MECHANICAL DESIGN,
AND OVERALL AND BLADE ELEMENT PERFORMANCE

Part I of this report summarizes the work performed under Task IV of
Contract NAS3~11158, Task IV comprised a twelve-month program to design,
fabricate and test a highly loaded low aspect ratio single stage compressor
utilizing double circular arc (DCA) blading, This stage, designated as Stage F,
was tested with uniform inlet flow, hub radial, tip radial and circumferential
inlet distortion.

Aerodynamic Design

Stage Selection

A meanline analysis study was performed to define a low aspect ratio, highly
loaded multistage compressor from which a stage to be designated Stage ¥, and
satisfying the requirements of table I could be extracted. This was done to ensure
that the stage selected for this investigation was typical of one that could be used
in an advanced compressor. The study was initiated assuming compressor blade
row solidities, inlet Mach number, inlet specific flow, inlet hub-to-tip ratio and
exit Mach number consistent with current compressors. The aspect ratio, and
number of stages were then varied in a systematic manner to define a compressor
of the desired loading level that has approximately the same length as current
compressors. The results revealed that a six-stage, 9:1 pressure ratio com-
pressor with an aspect ratio of 0.9 for each blade row would have about the same
length as current compressors with a diffusion factor comparable to the values
set forth in table I.

Table I. Design Guidelines

Rotor Tip Diameter 0.5 m (19.685 in.,) minimum
Hub/Tip Ratio 0.7 to 0.8

Rotor Tip Speed 285 m/sec (934 ft/sec)
Rotor Tip Diffusion Factor 0.6 minimum

Rotor Blade Aspect Ratio 0.85 to 1.0

Rotor Tip Solidity 1.3 approximate

Stator Hub Diffusion Factor 0.6 minimum

Stator Blade Aspect Ratio 0.85to 1.0

Stator Hub Solidity 1.4 approximate

The second stage of the 9:1 compressor was selected for this investigation
because: (1) it was consistent with the guidelines presented in table I and (2) after
slightly modifying the hub diameter while holding inlet specific flow and mean
wheel speed constant, the resultant stage was easily adaptable to an existing com-
pressor rig. A summary of the meanline designs for the high pressure compressor
(HPC), the second stage of the high pressure compressor, and the comparable
single-stage configuration selected for this program are presented in table II.




Table II.

Meanline Design Summary

Compressor
Selected
Single-Stage
Parameter 9:1 HPC Second Stage Configuration

Rotor Aspect Ratio 0.9 0.9 0.9
Stator Aspect Ratio 0.9 0.9 0.9
Rotor Solidity 1.30 1.31 1.36
Stator Solidity 1.3 1,34 1.39
Inlet Hub/Tip Ratio 0.725 0.791 0.766
N/,/¢, rpm 10,676 9, 805 9,936
Utip/\/6 » m/sec (ft/sec) 336 (1,101) 282 (926) 285 (934)
Stage Pressure Ratio, PR 9.0:1 1.56:1 1.56:1

Inlet Specific Flow

W,/0 /As, kg/sec/m? (lb,,/sec/ft?)
Flo;/v—w\/e-/ﬁ , kg/sec (1b/sne}c)

1.453 (34.49)
24,69 (54.44)

1.156 (27.43)
17.42 (38.41)

1.156 (27.43)
17.11 (37.73)

Design Velocity Diagrams

The velocity diagrams were calculated by means of an iteration procedure
using a streamline analysis computer program and the loss-loading correlations

shown in figures 1 and 2 for the rotor and stator, respectively.
was derived from test data of a similar low aspect ratio stage.

This correlation
The calculation

procedure solved the continuity, energy, and radial equilibrium equations, which
included the effects of streamline curvature and radial gradients of enthalpy and

entropy. Since an existing inlet guide vane was selected for use in this program,
loss and turning (i.e., rotor inlet total pressure and air angle) distributions used

for the velocity diagram calculations were obtained from test data.

The flow path

dimensions for the existing drum rotor/cantilevered stator compressor rig, a

rotor tip speed of 284.7 m/sec (934 ft/sec) and a stage inlet equivalent flow of
17.11 kg/sec (37.73 1b/sec) were maintained for the velocity diagram calcula~

tions. Blockage estimates of approximately 3, 6 and 8% at the rotor inlet, rotor
exit and stator exit, respectively, were determined from test data for a similar

compressor stage.

The velocity diagram calculation results for Stage F are shown in tables III,
IV and V for the inlet guide vane, rotor and stator, respectively, along stream- :
lines that pass through 5, 10, 15, 30, 50, 70, 85, 90 and 95% span at the rotor exit. -
Spanwise distributions of total pressure, axial velocity and absolute air angle for

the rotor inlet, rotor exit and stator exit are shown in figures 3 through 5.
relative air angle distributions are shown in figure 6.

Stator F, respectively.

Rotor

Spanwise loss coefficient -
and diffusion factor distributions are shown in figures 7 and 8 for Rotor F and '

The predicted average rotor-only pressure ratio and

adiabatic efficiency are 1.614 and 94.5%, respectively, at a rotor tip speed of
284.7 m/sec (934 ft/sec). The predicted average IGV - rotor pressure ratio and

efficiency are 1.608 and 93. 6%, respectively.

The predicted average pressure

ratio and efficiency for the stage (IGV - rotor-stator) at design rotor speed are

1.559 and 87.2%, respectively.




Table III. Stage F Inlet Guide Vane Vector Diagram Calculation Results

SI (Metric) Units

Equivalent Rotor Speed = 9936 rpm Equivalent Weight Flow = 17.11 kg/sec
Percent Span
From Tip
Leading Trailing Vle Vzle Vole Ple Vte Vzte Vote Bte a R
Edge . Edge (m/sec) (m/sec) (m/sec) (deg) (m/sec) (m/sec) (m/sec) (deg) (deg)
Hub 95,4 95.8 116.43 116.43 0.0 0.0 131.52 128.32  23.32 10. 36 -0.75
91.7 91.7 118.57 118.57 0.0 0.0 133.65 131. 37 24.17 10.40 -0.75
86.8 86.9 = 119.48 119.48 0.0 0.0 134.26 131,98 24,48 10.51 -1.15
70.2 70.4 119, 02 119. 02 0.0 0.0 134,42 131,98 25,21 10.80 ~2.69 ———
49,0 49,2 118.87 118.87 0.0 .0 134.26 131. 67 27.34 11.74 -4.21
29.0 29.1 119,48 119.48 0.0 0.0 134,42 131.52 28.83 12,31 ~5.75
13.5 13.8 119.48 119.48 0.0 0.0 133. 96 130.45 30. 88 13. 34 -7. 27
9.0 9.0 117,50 117,50 0.0 0.0 131.98 128, 32 30. 39 13.34 =7.27
Tip 4.7 4.7 113.08 113.05 0.0 0.0 128. 02 124,97 28.65 12,85 ~7.65
Percent Span
From Tip
Leading Trailing Ple
Edge Edge Mje 7] (N/em?) —
Hub 95.4 95,8 0. 3480 0.0765 10.148
91.7 91.7 0. 3527 0.0725 10,177
86.8 86.9 0. 3560 0.0668 10.190
70.2 70.4 0.3539 0.0496 10.183
49.0 49,2 0.3531 0.0395 10.185
29.0 29.1 0. 3559 0. 0444 10.198
13.5 13.8 0. 3559 0. 0527 10.201
9.0 9.0 0.3495 0. 0560 10.172
Tip 4,7 4.7 0.3360 0.0593 10.108




Table III.

Stage F Inlet Guide Vane Vector Diagram Calculation Results

Equivalent Rotor Speed = 9936 rpm

Percent Span

U. S. Customary Units

Equivalent Weight Flow = 37.73 lb/sec

From Tip
Leading Trailing Vie Vzle Vole Ble Vte Vzte Vote Bte a
Edge Edge (ft/sec) (ft/sec) «ft/sec) (deg) (ft/sec) (ft/sec) (ft/sec) (deg) (deg)
Hub 95.4 95.8 382.0 382.0 0.0 0.0 431.5 421.0 76.5 10. 36 =0.75
91,7 91.7 389.0 389.0 0.0 0.0 438.5 431.0 79.3 10.40 -0.75
86.8 86.9 392.0 392.0 0.0 0.0 440.5 433.0 80.3 10.51 -1.15
70. 2 70.4 390.5 390.5 0.0 0.0 441.0 433.0 82.7 10.80 -2.69
49.0 49.2 390.0 390.0 0.0 0.0 440.5 432.0 89.7 11.74 -4.21
29.0 29.1 392.0 392.0 0.0 0.0 441.0 431.5 94.6 12,31 -5.75
13.5 13.8 392.0 392.0 0.0 0.0 439.5 428.0 101.3 13.34 -7.27
9.0 9.0 385.5 385.5 0.0 0.0 433.0 421.0 99.7 13.34 ~7.27
Tip 4.7 4.7 371.0 371.0 0.0 0.0 420.0 410.0 94.0 12.85 ~7.65
Percent Span
From Tip
Leading Trailing _ Ple
Edge Edge Mje w (psia)

Hub 95.4 95.8 0.3480 0.0765 14,718

91.7 91.7 0. 3527 0.0725 14,760

86.8 86.9 0.3560 - 0.0668 14.779

70.2 70.4 0.3539  0.0496 14.768

49.0 49.2 0.3531 0.0395 14.771

29.0 29.1 0.3559 0.0444 14.791

13.5 13.8 0.3559  0.0527 14.795

9.0 9.0 0.3495 0.0560  14.753

Tip 4,7 4.7 0. 3360 0. 0593 14. 660




Table IV. Rotor F Vector Diagram Calculation Results

SI (Metric) Units

Equivalent Rotor Spesd = 9936 rpm Equivalent Weight Flow = 17. 11 kg/sec
Percent Span
From Tip
Leading Trailing V'ie Vzle Vile B'le Ble Ule V'te Vzte Vite Bte Ute a
Edge Edge (m/sec) (m/sec) (m/sec) (deg) (deg) (m/sec) (m/sec) (m/sec) (m/sec) (deg) (m/sec) (deg)
Hub 96. 0 95, 0 259.38 168.55 197.36 . 49.40 7.90 220.68 154.90 150.88 -36.00 -13.55 220.95 0.21
92.0 90.0 262.19 171.05 199.03  49.30 8.00 223.30 171.11 169.16 -19.32 - 6.10 223.88 0.423
86.8 85.0 265,18 171.94 = 201,99 49,60 8.20 226,71 180.81 180.90 - 5.70 -~ 1.80 226.80 0.6
70.8 70.0 272.80 172.52 211. 38 50.80 8. 60 237.20 191.11 190.80 19,78 6.00 235.58 -1.35
48.3 50.0 282,85 172.49 224, 33 52,40 9.20 251,98 189. 49 184. 86 42.70 13.00 247.28 -4.20
28.2 30.0 291,85 172. 67 235.40 53.70 9,90 265,18 185.99 175.41 62, 27 19.40 258.99 -5.6%5
13.7 15.0 . 297.33 171.75 242, 62 54,80 10. 60 274.69 176.30 161.85 70.71 23.60 267.74 -6.59
9.0 10.0 299, 62 170.75 246. 13 55,50 10.50 277,78 170. 99 155. 30 71. 96 24.90 270.66 -6.76
Tip 4.0 5.0 302.51 167.94 251. 46 56. 60 9. 90 281,06 163. 98 147. 68 72.21 26,20 273.59 -7.20
Percent Span
From Tip
: Momentum
Leading Trailing Loss Thickness Ple Tle Pte Tte
Edge Edge MYe D ol Parameter  Parameter (N/cm?2) °K) (N/em?) _(K)
‘Hub 96. 0 95,0 0.782 0.690 0. 268 0.0840 0.1876 10. 046 288.17 16.272 339.61
92,0 90.0 0.790 0. 620 0.178 0. 0578 0.1345 10,112 288. 17 16.417 337.0
86.8 85.0 0.800 0.578 0.111 0. 0368 0, 0875 10.135 288. 17 16.527 335. 17
70.8 70.0 0.824 0.540 0.019 0. 0066 0, 0162 10. 146 288.17 16. 658 332.72
48.3 50.0 0.854 0.555 0. 002 0. 0007 0.0018 10. 144 288.17 16.493 331.61
28,2 30.0 0.881 0.580 0. 034 0. 0124 0. 0316 10. 158 288.17 16. 272 331.11
13.7 15.0 0.897 0.627 0. 085 0.0314 0.0793 10.149 288.17 16.093 332.06
9.0 10.0 0. 904 0.652 0.108 0. 0399 0.1023 10.120 288.17 16.024  333.00
Tip 4.0 5.0 0.911 0. 686 0. 145 0.05386 0.1424 10, 066 288.17  15.955  334.72




Table IV. Rotor F Vector Diagram Calculation Results
U, S. Customary Units
_:Equivalent Rotor Speed = 9936 rpm Equivalent Weight Flow = 37.73 Ib/sec
Percent Span
From Tip
Leading Trailing Ve Vzie V'ole f'le Bie Ule V'te Vzte V'ste f'te Ute a
Edge Edge (ft/sec) (ft/sec) (ft/sec) (deg) (deg) (ft/sec) (ft/sec) (ft/sec) (ft/sec) (deg) (ft/sec) (deg)
Hub 96.0 95.0 851.0 553.0 647.5 49,40 7.90 724.0 508, 2 495.0 -118.1 -13.55 724.9 0.21
92,0 90.0 860.2 561.2 653.0 49, 30 8.00 732.6 561.4 555.0 - 63.4 - 6.10 734.5 0.43
86.8 85.0 870.0 564.1 662.7 49. 60 8.20 743.8 593.2 593.5 - 18.7 =~ 1.80 744.1 0.0
70.8 70.0 895.0 566.0 693.5 50. 80 8.60 778.2 627.0 626.0 64.9 6. 00 772.9 <1.35
48,3 50.0 928.0 565.9 736.0 52.40 9.20 8286.7 621.7 606.5 140.1 13.00 811.3 -4.20
== "28.2 30.0 957.5 566.5 772.3 53.70 9,90 870.0 610.2 575.5 204.3 19.40 849.7 -5.69
13.7 38,0 _.=-875,.5 563.5 796.0 54.80 10.60 901.2 578.4 531.0 232.0 23.60 878.4 -6.59
9.0 10.0 983.4 560.2 807.5 55.50 10.50 §11.3 561.0 509.5 236.1 24,90 888.0 -6.76
Tip 4.0 5.0 992.5 . 551.0 825.0 56.60 9.90 922.1 538,0 484.5 236.9 26.20 897.6 -7.20
Percent Span ;
From Tip —
Momentum
Leading Trailing Loss Thickness Pie Tle Pte Tte
Edge Edge M'1e D @1 Parameter Parameter (psia) (°R) (psia) (°R)
Hub 96.0 95.0 0,782 0.690 0.268 0. 0840 0.1876 14.570 518.7 23.600 611.3
92.0 90.0 0.790 0. 620 0.178 0. 0578 0.1345 14. 665 518.7 23.810 606. 6
86.8 85.0 0.800 0.578 0.111 0.0368 0. 0875 14.699 518.7 23.970 603.3
70.8 70.0 0. 824 0.540 0.019 0. 0066 0. 0162 14.715 518.7 24.160 598.9
48.3 50.0 0.854 0.555 0. 002 0. 0007 0.0018 14,712  518.7 23.920 596.9
28.2 30.0 0.881 0.580 0. 034 0.0124 0. 0316 14,733  518.7 23.600 596.0
13.7 15.0 0.897 0.627 0. 085 0.0314 0.0793 14,720  518.7 23.340  597.7
9.0 10.0 0.904 0. 652 0.108 0. 0399 0.1023 14.678 = 518.7 23.240 599.4
Tip 4.0 5.0 0.911 0. 686 0.145 0. 0536 0.1424 14.599 518.7 23.140 602.5

T
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Table V. Stator F Vector Diagram Calculation Results

SI (Metric) Units

Equivalent Rotor Speed = 9936 rpm Equivalent Weight Flow = 17.11 kg/sec
Percent Span
From Tip
Leading Trailing Vie Vzle Voile Bre Vie Vate Viote Bte a
Edge Edge (m/sec) (m/sec) (m/sec) (deg) (m/sec) (m/sec) (m/sec) (deg) (deg)
Hub 95.0 95.8 296.42 145.54 256.95 59.00 168. 86 167.64 28,35 9.70 0.79
90.0 92.0 297. 64 171.30 243. 84 54,30 174. 04 171.30 28. 96 9.70 1.70
84.9 86.2 298. 25 186. 69 232.56 51. 00 179. 53 175.72 30.18 9.70 1.70
69.7 69.9 295. 96 202.08 215.95 46.90 187.76 184. 86 31.70 9.70 2.34
48.9 49.2 285.90 199.95 204. 37 45.80 191.41 188. 82 32.00 9.70 3.75
30.0 29.5 274.62 191. 26 197.21 46.10 185.93 183.49 31.09 9.70 4.80
14,7 14.1 265,94 178.31 197.51 48. 25 182. 88 180. 29 30.78 9.70 5.84
9.8 9.3 263.35 172.21 199.19 49. 50 182.58 179.98 30.48 9.70 6.21
Tip 4.8 4.5 260,91 163.98 202.08 51.10 182,58 179.98 30.48 9.70 6.73
Percent Span
From Tip
- Momentum
Leading Trailing _ Loss Thickness Pie
Edge Edge Mje D w Parameter Parameter w/ cmz)
Hub 95.0 95.8 0.861 0.673 0.127 0. 0401 0.1468 15.459
90.0 92.0 0. 868 0.652 0.125 0.0399 0.1139 15.583
84.9 86. 2 0.873 0.627 0.120 0.0390 0. 0956 15.734
69.7 69.9 0.868 0.581 0.097 0.0327 0.0681 16.038
48.9 49,2 0.836 0.549 0.062 0.0220 0.0440 16.121
30.0 29.5 0.3800 0.554 0.069 0.0256 0. 0255 15,879
© 14,7 14.1 0.770 0.562 0.072 0. 0277 0. 0607 15.734
9.8 9.3 0.760 0.564 0.068 0. 0265 0.0610 15.679
Tip 4.8 4.5 0.749 0. 567 0.065 0.0256 0.0631 15.631
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Table V.,

Stator F Vector Diagram Calculation Results

Equivalent Rotor Speed = 9936 rpm

Percent Span

U. S. Customary Units .

Equivalent Weight Flow = 37.73 1b/sec

From Tip
Leading Trailing Vie Vile Vole ﬁle Vie Vate Vote Bte 24
Edge Edge (ft/sec) (ft/sec) (ft/sec) (deg) (ft/secy (ft/sec) (ft/sec) (deg) (deg)
Hub 95.0 95.8 972.5 477.5 843.0 59.00 554.0 550.0 93.0 9.70 0.79
90.0 92.0 976.5 562.0 800.0 54.30 571.0 562.0 95.0 9.70 1,70
84.9 86.2 978.5 612.5 763.0 51.00 589.0 576.5 99.0 9.70 1,70
69.7 69.9 971.0 663.0 708.5 46.90 616.0 606.5 104.0 9.70 2,34
48.9 49, 2 938.0 656.0 670.5 45.80 628.0 619.5 105.0 9.70 3.75
30.0 29.5 901.0 627.5 647.0 46.10 610.0 602.0 102.0 9.70 4.80
14.7 14.1 872.5 585.0 648.0 48.25 600.0 591.5 101.0 9.70 5.84
9.8 9.3 864.0 565.0 653.5 49.50 599.0 590.5 100.0 9.70 6.21
Tip 4.8 4.5 856. 0 538.0 663.0 51.10 599.0 590.5 100.0 9.70 6.73
Percent Span
From Tip
Momentum
Leading Trailing ‘ _ Loss Thickness te
Edge Edge Mo D w Parameter Parameter (psia)
Hub 95,0 95.8 0.3861 0.673 0.127 0.0401 0.1468 22.420
90.0 92.0 0.868 0. 652 0.125 0. 0399 0.1139 22. 600
84.9 86. 2 0.87% 0.627 0.120 0.0390 0. 0956 22,820
69.7 69.9 0.8683 0. 581 0. 097 0. 0327 0.0681 23. 260
48.9 49,2 0. 836 0.549 0.062 0. 0220 0.0440 23.380
30.0 29.5 0.800 0.554 0. 069 0. 0256 0.0255 23.030
14.7 14.1 0.770 0.562 0.072 0.0277 0.0607 22.820
9.8 9.3 0.760 0.564 0.068 0.0265 0.0610 22.740
Tip 4,8 4.5 0.749 0.567 0.065 0.0256 0.0631 22.670




Stage F Geometry

Inlet Guide Vane - An existing inlet guide vane, comprised of NACA Series
63-(C1,A4Kg) 06 sections, was used to obtain the desired rotor relative inlet

air ang(ie distribution. The metal geometries for inlet guide vane airfoil sections
on planes tangent to conic surfaces that approximate the design streamlines of
revolution are summarized in table VI,

Rotor F and Stator F - Simulated double-circular arc airfoils (i.e., the mean

camber line and the suction and pressure surface lines of each blade element

are lines with a constant rate of angle change with path distance on a specified

conical streamline surface) were selected for the rotor and stator. The chord

lengths, the number of blades, and the number of vanes evolved from the existing
flowpath dimensions, the requirement for an aspect ratio of 0.9 in both blade rows,

and the solidity required to obtain the specified loading for each blade row. Thickness~
to-chord ratio distributions were selected to give the minimum airfoil cross sections
consistent with safe mechanical design practices.

The blade element geometries for Stage F were selected in a manner similar
to the procedure used in the design of Rotor D of NASA Contract NAS3-11158,
Task III (Reference 2). First, the two-dimensional turning that combines with
axial velocity ratio and secondary flow effects to produce the required blade row
exit conditions was calculated using the procedure outlined in Reference 2. The
two-dimensional turning was then used to calculate incidence and camber angles
from a P&WA. correlation of cascade minimum-loss incidence angle.

The double-circular-arc (DCA) airfoil sections selected for the rotor and
stator were positioned on conic surfaces that approximate the design streamlines
of revolution, and the resuiting Rotor F and Stator F metal geometries on these
conic surfaces are summarized in tables VI and VIII, respectively, Definition
of the symbols used in tables VI through VIII are given in Appendix A and are
shown in figure 9. The radial distributions of camber, incidence, and deviation
angles are shown in figures 10 and 11 for Rotor F and figures 12 and 13 for
Stator F. The design velocity diagram turning given in table IV and the camber
incidence angles given in table VI were used to calculate the rotor deviation angle
(i.e., §°=¢-A8 +1iy). The stator deviation angle was calculated in the same
manner using the corresponding values given in tables VII and VIII. As previously
stated, the Rotor F and Stator F airfoil sections were designed on conic surfaces
which approximate design streamlines of revolution, For manufacturing purposes,
however, the rotor and stator airfoil coordinates were given on planes tangent to
cylindrical surfaces normal to a radial line termed the stacking line. The air-
foil sections were positioned such that the stacking line passed through the center
of gravity of the sections. A computer program provided a smooth fit of the
airfoil properties and produced a set of coordinates for manufacturing purposes.
Coordinates for redefined sections, which were used for manufacturing purposes,
are given in Appendix A of Volume II. A photograph of the blade and vane is
presented in figure 14,
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Table VI. Stage F Inlet Guide Vane Geometry Data*

No. of Vanes: 42

Airfoil: NACA 63 (010A4K6) 06 Average Chord Length: 3.886 cm (1.530 in.)
Percent Span
From Tip
Leading Trailing ,
Edge Edge Kle Kte ) ye° o t/c 5°
Hub 95.4 95.8 ~-5.90 17.00 -22,90 5.70 1.220 0.06 6. 64
91.7 91.7 -5.92 17.30 -23.22 5.85 1.203 0. 06 6. 90
86. 8 86.9 -5, 97 17,68 -23.65 6.00 1.182 0.06 7.17
70.2 70.4 -6.25 18.80 -25.05  6.40 1.118 0.06 8.00
49.0 49,2 -6.66 20. 24 -26.90 6.95 1.043 0.06 8. 50
29.0 29.1 -7.00 21. 61 -28.61  7.40 0.982 0.06 9. 00
13.5 13.8 -7.32 22.70 -30.02 17.85 0.939 0.06 9.36
9.0 9.0 -7.42 23.05 -30.47  7.90 0.927 0.06 9.71
Tip 4,7 4,7 -7.42 23.28 -30.70 7.95 0.916 0.06 10, 43

*Imformation included in this table is defined on planes tangent to conic surfaces which approxi-
mate design streamlines of revolution. The geometries were interpolated from existing vane
sections designed on planes tangent to cylindrical surfaces.




Table VII. Rotor F Geometry Data*

No. of Blades: 31

Airfoil: Simulated Double- Average Chord Length: 6.629 cm (2,61 in.)
Circular-Arc**

Percent Span

From Tip
Leading Trailing , . .

Edge = Edge K'le K te o v° o t/c Im 5°
Hub 96.0 95.0 55. 65 -33.90 89.55 10.88 1.550 0.0686 -6.25 20.35
92.0 90.0 54,40 -26.10 80,50 14,15 1.530 0.0673 -5.10 20. 00
86.8 85.0 54,00 -20.00 74.00 17.00 1. 507 0. 0658 -4.40 18.20
70.8 70.0 53. 82 - 8.00 61. 82 22.91 1,442 0.0611 ~-3. 02 14,00
48.3 50.0 54,45 2.20 52.25 28.32 1.360  0.05647 -2,05 10.80
28.2 30.0 55.45 9.50 45.95 32.48 1,290 0.0487 -1.75 9.90
13.7 15.0 56. 67 11.30 45,37 33.99 1.242 0.0443 ~-1,87 12,30
9.0 10.0 57.55 10.90 46.65 34.22 1,228 0.0428 -2.05 14,00
Tip 4.4 5.0 59. 00 9. 60 49,40 34.30 1.214  0.0414 ~-2.40 16.60

*Information included in this table is defined on planes tangent to the conic surfaces, which approxi-
mate design streamlines of revolution.

**Mean camber line and suction and pressure surface lines of each blade element are lines with a
constant rate of angle change with path distance on the conic surface, which approximates the design
streamline of revolution.

o=y
LdV]
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Table VIIL, Stator F Geometry Data*

Airfoil: Simulated Double~
Circular-Arc**

Percent Span
From Tip

Leading Trailing

No. of Vanes:

36

Average Chord Length: 5.715

cm (2,25 in,)

Edge Edge Kle Kte ¢ ve o t/c Im 5°
Hub 95.0 95.8 65.00 -5.256 70.25 29, 88 1.562 0.0509 ~6.00 14,95
90.0 92.0 59.40 -6.00 65.40 26.70 1.543 0.0518 -5.10 15.70
84.9 86. 2 55. 80 -5.80 61.60 25.00 1. 517 0. 0529 -4, 80 15.50
69.7 69.9 52.30 -4,75 57.05 23.78 1.461 0. 0560 -5.40 14.45
48.9 49,2 52, 60 -4,10 56.70 24.25 1.388 0.0602 -6. 80 13. 80
30.0 29.5 54,55 -4,00 58.55 25. 28 1.326 0. 0640 -8.45 13.70
14.7 14.1 57.50 -4,00 61. 50 26.75 1.280 0.0671 -9. 25 13.70
9.8 9.3 58.70 -3.20 61.90 27.75 1.266 0.0681 -9.20 12,90
Tip 4.8 4.5 60. 20 -2.30 62.50 28.95 1.252 0.0691 -9.10 12.00

*Information included in this table is defined on planes tangent to the conic surfaces, which approxi-
mate design streamlines of revolution.

**¥Mean camber line and suction and pressure surface lines of each blade element are lines with a

constant rate of angle change with path distance on the conic surface, which approximates the

design streamline of revolution.
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Figure 1. Rotor F Momentum Thickness Parameter vs Diffusion Factor
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Figure 2, Stator F Momentum Thickness Parameter vs Diffusion Factor
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Figure 5. Stage F Absolute Air Angle Distributions
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Figure 6. Rotor F Relative Air Angle Distributions
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Definitions

Chord Length, cm (in.)
Incidence Angle, deg

Leading Edge Radius, cm (in.)
Maximum Thickness, cm (in.)
Trailing Edge Radius, cm (in.)
Air Angle - Leading Edge, deg
Air Angle - Trailing Edge, deg
Chord Angle, deg

Deviation Angle, deg

Metal Angle - Leading Edge, deg
Metal Angle - Trailing Edge, deg
Camber, deg
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Mechanical Design

Steady-State Stress Analysis

The steady-state airfoil stresses due to centrifugal loads and/or gas bending
loads were calculated at design equivalent rotor speed and flow at the leading and
trailing edges and on the convex surface at the point of maximum thickness for
both Rotor F and Stator F. The results are shown in figure 15. The maximum
calculated Rotor F stress was 12,273 N/cm? (17, 800 psi) and occurred at the
hub leading edge. The maximum Stator F stress of 2,137 N/cm2 (7, 070 psi)
was calculated at the junction of the Stator F airfoil and the attachment trunnion.,
Since the maximum stresses for both airfoils were considerably below the 0.2%
yield strength of 75,845 N/cm?2 (110, 000 psi) of the material selected for the
blading, no airfoil stress problems were anticipated.

Vibratory Analysis

The calculated bending and torsional vibratory frequencies for Stage F
airfoils are shown in terms of frequency versus rotor speed in figure 16. Rotor T
first bending and first torsion frequencies of 1560 and 3260 Hz, respectively, were
calculated at design equivalent rotor speed. Lines representing multiples of
rotor frequency (E) are shown to permit identification of resonant operating condi-
tions due to upstream support struts, rotating stall zones or instrumentation that
might possibly be encountered during testing. Although the first bending frequency
approaches the 8E line at 110% design speed, no resonant condition was expected
because the 8E excitation produced by the eight upstream struts will be sufficiently
dissipated at the rotor leading edge. Stator F first bending and first torsion
natural frequencies of 1750 and 2450 Hz, respectively, were calculated for a
cantilevered stator configuration. These frequencies were sufficiently high to
preclude a resonant vibratory problem during testing.

Because of the relatively high resonant frequencies shown in figure 16 and
the large vibratory stress margin available as indicated by the Goodman diagrams
of figure 17, i.e., 36,544 and 38, 612 N/cm?2 (53,000 and 56, 000 psi) based on
smooth fatigue strength for Rotor F and Stator F, respectwely, no Stage F air-
foil vibratory problem was anticipated.

Flutter Analysis

Reduced velocity and incidence parameters were calculated for Rotor F
at the design operating condition and for the estimated negative and positive
incidence angle operating limits between 50 and 110% design equivalent rotor
speed and compared to correlated flutter data in figure 18,

The reduced velocity parameter was defined as

_12v
mTC W

and the incidence parameter was defined as

Im = im ¢

fim) = low-loss incidence range
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where V, ¢, impef, and low-loss incidence range are the values for airfoil
sections located at 25% span from the tip, The loss incidence range and im,.ef
were determined from an unpublished P&WA cascade data correlation. The
bending and torsional mode flutter calculations were made at Mach numbers of
0.4 and 0. 6, respectively, so that the values obtained could be compared with
the correlated data. The calculated operating envelope does not overlap the
stall flutter region and consequently no flutter problem was anticipated. A
reduced velocity parameter versus average stage pressure ratio was calculated
for Stator F and compared to correlated flutter data for a cantilevered stator
configuration in figure 19,

The reduced velocity parameter was as defined for the rotor and the
average row pressure ratio was defined as:

[(Ple + Pte)/z]/Pinlet

The values of velocity and chord used to calculate the stator reduced velocity
parameter are the values at 50% span. As shown, the design point was at a
sufficient distance from the flutter region to preclude a flutter problem.

Disk and Attachment Stress

Rotor F and disk lug tension, bending, shear, and bearing stresses were
calculated at a rotor speed of 11,480 rpm or approximately 115% of design
speed. The results of these calculations are presented in table IX. The com-
bined tension and bendin% lug stresses calculated for Rotor F and the disk were
32, 338 and 45, 024 N/cm? (46,900 and 65, 300 psi), respectively. These cal-
culated stresses are well within the 0. 2% yield strength of 75,845 N/cm2
(110, 000 psi) of the stainless steels (AMS 5616 and 5613) selected for the rotor
and disk. The maximum allowed stress presented in table IX was based on
current P&WA engine design practice.

As shown, none of the stresses present in the Stage F design exceed the
maximum stress permitted and no attachment stress problems were anticipated.
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Table IX. Stage I’ Attachment Stresses

Type of Stress, N/cm? (psi)

Combined

Tension
Configuration Tension Bearing Bending Shear and Bending Torsion
Rotor F Iug
AMS 5616 12,135 (17, 600) 36,337 (52,700) 20,202 (29,300) 12,756 (18,500) 32,338 (46,900) NA
*Maximum Allowed Siress 22,754 (33,000) 68,261 (99,000) 37,923 (55,000) 18,617 (27,000) 44,128 (64,000) NA
% Calcuiated Stress of
Maximum Allowed Stress 53 53 53 68 73 NA

Disk Iug
AMS 5613

*Maximum Allowed Stress

% Calculated Stress of
Maximum Allowed Stress

*The maximum allowed stress is based on current P&WA engine design practice.

19, 996 (29, 000)

33,786 (49, 000)

59

36, 337 (52, 700)

68, 261 (99, 000)

53

25, 029 (36, 300)

37,923 (55, 000)

66

11,584 (16, 800)

26, 201 (38, 000)

44

45, 024 (65, 300)

49,782 (72, 200)

90

5,750 (8, 340)

30, 338 (44, 000)
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Test Equipment

Compressor Test Facility

An elevation view of the compressor research facility is shown in figure 20.
The compressor was driven by a 1,119 kw (1500 hp) constant speed (1800 rpm)
electric motor through a dynamatic clutch and a 7.7:1 ratio speed-increasing
gearbox. The maximum horsepower available at a constant gearbox input speed
was limited by the torque capability of the dynamatic clutch,

Air entered the compressor through a 15.54 m (51 foot) long, 0.762 m
(30 in, ) diameter inlet duct designed to ASME standards for flow measuring with
thin plate orifices. Low velocity uniform air was provided at the rig inlet bell-
mouth by a 1.27 m (50 in. ) diameter plenum., Transition from the 0.762 m (30 in.)
diameter duct to the plenum was accomplished with a four-deg half-angle transi-
tion duct., At maximum flowrate for the test configuration, the Mach number at
the bellmouth inlet was 0.03.

Compressor Test Rig

The general configuration of the single-stage rig is shown in figure 21.
Flowpath dimensions are presented in figure 22. The hub/tip ratio at the rotor
inlet is 0.768. The test section had a constant hub diameter of 0.419 m (16.50 in.)
and the outer wall converged from a diameter of 0,582 m (22.900 in.) at the inlet
guide vane leading edge to a 0,513 m (20.182 in.) diameter at the stator trailing
edge.

As shown in figure 21, the rotor disk/drum assembly is overhung on the drive
shaft ahead of the bearing support package. The inlet assembly is supported by
eight struts located upstream of the inlet guide vanes. Approximately 11 deg of
rotor prewhirl was provided by the IGV. Stator discharge was 10 deg from axial
and no exit guide vanes were incorporated. TFlowrate was varied by a sliding
sleeve discharge valve which regulated stage discharge pressure.

Compressor airflow was measured with a 0,445 m (17.5 in.) diameter ASME
standard thin plate orifice located 8.534 m (28 feet) from the inlet duct bellmouth.
The orifice was instrumented with two upstream and two differential static pres-
sure taps to permit redundant flowrate calculations. Compressor rotor speed
was measured with electromagnetic sensors monitoring blade tip and gear tooth
passing frequency.

Instrumentation

Uniform and Radially Distorted Inlet Flow Tests - Instrumentation typical of that
provided to obtain overall and blade element performance data for each blade or
vane row is shown in figure 23a, b and c. The circumferential locations of in-
stvuanentation are shown in figure 24 for instrumentation Stations 0, 1, 2, 3 and 4.
These instrumentation stations are located axially as shown in figure 22. Table X
presents a summary of the instrumentation positioned at each axial station. Where
possible, dual instrumentation was provided at each axial station to provide re-
dundant measurements. Inlet total temperature was measured in the inlet plenum
with four half-shielded total temperature probes and a Rosemount temperature
probe; inlet total pressure was measured in the inlet plenum with five Kiel total
pressure probes. Four equally spaced static pressure orifices were located on
both the inner and outer walls at instrumentation Station 0.
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Radial distributions of total and static pressure at the inlet guide vane inlet
and static pressure and air angle at the inlet guide vane and stator exit were
measured by means of 30 deg wedge probes, shown in figure 23a. Wall static
pressure at the inlet guide vane inlet and exit was measured with four inner and
four outer diameter wall static pressure orifices equally spaced circumferentially.
However, since the static pressures, measured with the 30 deg wedge traverse
instrumentation, failed to agree with the values measured with the wall static
pressure orifices, the static pressure data measured with the 30 deg wedge probes
were not used in the data reduction and analysis.

The inlet guide vane exit total pressure profile was measured with a pair of
five-span radial rakes circumferentially traversed through a 14 deg arc. These
probes, shown in figure 23b, provided sensors at nine radial locations, i.e., 4.1,
14,1, 22.7, 32.7, 42.1, 52,1, 72.3, 83,8 and 93. 8% span from the tip. The cir-
cumferential location and sweep of these probes is shown in figure 24. Rotor
exit (i.e., stator inlet) and stator exit outer diameter wall static pressures were
measured with four equally spaced mid-channel and four cross-gap static pres-
sure orifices located at 10, 30, 70 and 90% of stator gaps. Because of close
spacing of the rotor and stator, measurements other than wall static pressure
were precluded. Rotor performance was calculated through auulysis of the stator
discharge data as described in the data reduction procedures.

Total pressure and total temperature profiles of the stator exit were measured
with two pairs of five-span radial rakes circumferentially traversed through a 16 deg
arc. Each pair of probes, shown in figure 23¢, provided sensors at ten radial
locations, i.e., 4.1, 14.1, 22.7, 32.7, 42.1, 52.1, 62.3, 72.3, 83.8 and 93.8%
span from the tip. The circumferential location and sweep of these probes during
traversing are shown in figure 24.

Pressure data from stationary probes were recorded on magnetic tape
utilizing a pneumatic scanner system. Traverse probe pressure and air angle
data, temperature data, and stall transient data were recorded on magnetic tape
utilizing a microsadic data recording system capable of recording at approximately
60 samples per minute,

Stator exit total pressure at surge was measured with the circumferential
traverse probes positioned on stator exit mid-channel streamline and close
coupled to transducers for fast response to change in total pressure. The time
at which total pressure decreased during surge determined which inlet static pres-
sure scan was to be used to calculate weight flow at the initiation of surge. A
high response pressure transducer was mounted over the rotor tip and used to
measure high-frequency total pressure oscillations and to indicate the initiation
of rotating stall and/or surge. The high response transducer output was recorded
on magnetic tape and correlated in time with the transient recording of the plenum
and Station 0 static pressures.

Four blades and four vanes were instrumented with strain gages to provide
vibratory stress data. Gage locations were determined from bench vibrator
tests with the aid of stresscoat, and selected locations were verified by fatigue

tests. The gage outputs were displayed on oscilloscopes and usually monitored
during tests.
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Circumferentially Distorted Inlet Flow Tests -= The instrumentation used for the
uniform inlet and radial inlet flow distortion tests was inadequate to provide

(1) overall performance data within and outside the circumferentially distorted
region without moving the screen and (2) a uniform spacing of flow distribution
data at twelve locations relative to the distortion screen with a maximum of six
screen positions. Consequently, the instrumentation was revised as shown by
the numbers in parentheses in Table X, The redundant transient instrumentation
and the previously recorded and not used traverse static pressure instrumentation
(see page 49) was eliminated to provide recording channels for an additional air
angle traverse probe at Station 1 and two total pressure rakes at Station 2, The
circumferential locations of the revised instrumentation are shown in figure 25.

A description of the required changes at each instrumentation station is presented
below.

Plenum: The plenum wall stafic pressure (transient) at
300° was deleted.

Station 0: The OD wall static pressure (transient) at 270° was
deleted.

Station 1 -

IGV Inlet: A 30 deg wedge probe was added at 141° 30',

i.e., 180 deg from the location of the 30 deg wedge
probe at 321° 30', to measure air angle. The wedge
probe at 321° 30' was to measure air angle only,
whereas it previously measured total and static
pressure.

Station 2 -

IGV Exit: An additional pair of five-span total pressure rakes
were added at 18° 47" and 198° 47'. These probes
and the pair at 104° 29' and 284° 29' ensured a
representative radial distribution of total pressure
inside and oufside the distorted region. The 30 deg
wedge probes located at 7° 29' and 187° 29' were
used to record only air angle, whereas previously
they had also recorded static pressure.

Station 4 -

Stator Exit: The 30 deg wedge probes at 107° 25' and 287° 25!
were used to record only air angle, whereas pre-
viously they had also recorded static pressure.

Distortion Screens

Twenty-mesh, 0.051 cm (0,020 in. ) diameter wire was used for the hub
radial, tip radial and circumferential distortion screens. The hub and tip radial
distortion screens covered 40 and 35% of the inlet annulus area, respectively,
and the circumferential distortion screen covered a 180 deg sector of the inlet
annulus area. For the overall performance test points the screen was positioned
between 295° and 115°, i.e., the approximate top half of the annulus area (figure 25).
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For the two flow conditions for which flow distribution data were obtained (100%
design equivalent rotor speed near surge and mid-flow), the screen was indexed
five times in 30 deg increments to the right, i.e., screen position 2 extended
from 325° to 145°, thus providing data for a total of six screen positions. The
radial and circumferential distortion screens were mounted on a 2,54 cm (1, 0 in.)
mesh 0.318 em (0. 125 in, ) diameter wire support screen located approximately
one rotor diameter upstream of the rotor leading edge. The support screen
spanned the entire annulus and was installed for all Stage F tests.
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Table X. Instrumentation Summary for Stage F
Total
No. of Total Air Static Tempera- Radial
Axial Location Type of Instrumentation Probes Pressure Angle Pressure ture Travel
Mlet Duct ASME Orifice *Wall Static 2 (2) 2 (2)
*Wall Static 2 (2) A2 (2)
Plenum Shielded Thermocouple 4 (4) 4 (4)
OD Wall Static (Transient) 1 1 (0)
Rosemount Temperature
Probe 1)
*Kiel Probe 5 (5) 5 (5)
Support Strut Exit OD Wall Static (Transient) 2 (1) 2 (1)
(Imstrumentation Station 0) *O2 Wall Static 2 (2) 2 (2)
IGV Inlet 30-deg Wedge (Traverse) 1 (2) 1 (2) 1 (0) 1 (2)
(Instrumentation Station 1) *OD Wall Static 4 (4) 4 (4)
*ID Wall Static 4 (4) 4 (4)
IGV Exit - Rotor Inlet 30-deg Wedge (Traverse) 2 (2) 2 (2) 2 (0) 2 (2)
(nstrumentation Station 2) 5 Sensor Radial Rake 2 (4) 9 (15)
*OD Wall Static 4 (4) 4 (4)
*ID Wall Static 4 (4) 4 (4)
Rotor Exit - Stator Inlet High Response Transducer 1 (1) 1
(Instrumentation Station 3) (Transient)
*OD Wall Static 4 (4) 4 (4)
*OD Wall Static (Cross-Gap) 4 (4) 4 (4)
Stator - Stage Exit 5 Sensor Radial Rake 4 4) 20 (20) 20 (20) -
(Instrumentation Station 4) 30-deg Wedge (Traverse) 2 (2) 2 (2) 4 (0) 2 (2)
*OD Wall Static 4 (4) 4 4)
*OD Wall Static (Cross-Gap) 4 (4) 4 (4)

*Indicates instrumentation connected to Scanivalve Transducer
() Indicates instrumentation utilized for circumferential inlet flow distortion tests
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Figure 20, Compressor Research Facility FD 97763
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Roller Bearing
Drive Shaft
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Instrumentation Stations

Figure 22.

FD 97765

0 1
D E F:GZH
1’ ' Blades Vanes
Reference Support Inlet (31) (36)
Plane Struts Guide
and (8) Vanes
Support (42)
Screen
Axial Distance
Inner Wall Outer Wall from
Flowpath Location Description Diameter Diameter Reference Plane
Location cm n. cm in. cm in.
A Reference Screen and Support Screen ¢ | 41.950 | 16.500 | 58.166 | 22.900 0.0 0.0
B Support Strut Leading Edge 41.950 | 16.500 | 58.166 | 22.900 5.822 2.292
Cc Support Strut Trailing Edge 41.950 | 16.500 | 58.166 | 22.900 | 13.441 5.292
D Instrumentation Station O 41.950 | 16.500 | 58.166 | 22.900 | 21.519 8.472
E Instrumentation Station 1 41.950 | 16.500 | 58.166 | 22.900 | 34.066 | 13.412
F Inlet Guide Vane Leading Edge 41.950 | 16.500 | 58.103 | 22.875 | 37.876 | 14912
G Inlet Guide Vane Stacking Line 41.950 | 16.500 | 57.556 | 22.660 | 39.649 | 15.610
H Inlet Guide Vane Trailing Edge 41950 | 16.500 | 56.934 | 22.415 | 41.661 | 16.402
i Instrumentation Station 2 41950 | 16.500 | 55.771 | 21.957 | 45.994 | 18.108
J Flowpath Wall Angle Change 41.950 | 16.500 | 55.270 | 21.760 | 47.879 | 18.850
K Rotor Hub Leading Edge 41.950 | 16.500 — T— 50.416 | 19.849
L Rotor Tip Leading Edge - - 54.480 | 21.449 | 51.161 | 20.142
M Rotor Stacking Line 41.950 | 16.500 | 53.899 | 21.220 | 53.574 | 21.092
N Rotor Hub Trailing Edge 41.950 | 16.500 — - 56.290 | 22.437
(o) Rotor Tip Trailing Edge - - 53.162 | 20.930 | 56.622 | 22.292
P Instrumentation Station 3 41950 | 16.500 | 53.023 | 20.875 | 57.150 | 22.500
Q Stator Hub Leading Edge 41.950 | 16.500 - - 58.108 | 22.877
R Stator Tip Leading Edge - - 52.786 | 20.782 | 58.082 | 22.867
S Stator Stacking Line 41.950 | 16.500 | 52.268 | 20.578 | 60.140 | 23.677
T Stator Hub Trailing Edge 41.950 | 16.500 - - 62.934 | 24.777
U Stator Tip Trailing Edge - - 51.575 | 20.305 | 62.883 | 24.757
\' Instrumentation Station 4 41.950 | 16.500 | 51.262 | 20.182 | 65.004 | 25.592
Stage F Flowpath Dimensions
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FE 136197 FE 133428

a. IGV Inlet Total and Static Pressure, b. IGV Exit Total Pressure, Five Sensor
Rotor Inlet, Stator Exit Air Angle Radial Rakes, Circumferential
and Static Pressure 30-deg Wedqe Traverse

Probe, Radial Traverse

Figure 23, Traverse Instrumentation for Stage F

FE 133427

c. Stator Exit Total Pressure, Total
Temperature, Five Sensor Radial
Rakes, Circumferential Traverse

FD 97766
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Instrumentation Station Number

0 1 2 3 4
180 —-(.)1800 180° 180° I 1 B8 180025’
174916’ g 177052+
151952’ 145044’
135 —
o ’
g 1104029 _ ‘:770;":
b _8 950 900 ®
¥ i 900 _ 84916' = (P 87052 LH 90025
g 2030’ ‘2 056I°51'
45 — b 52030" O o
& 29052’ 33044’
> o ’
‘ 0-360 Fo) 50 %—670029 0 7044’
: 00 —3 . 0025’
Direction k © 3 354016' 3570521 8
of - ©
Rotor 315— & 321° % 2 O 326951’
Rotation - L
_L‘ 284029 % o 287925’
= 277044’
20— Q2700 2780 st 228 ) (210005
2700 264016’ g’
267952’
' 241044’
225— 232030' O 2160 & 235952 10an
213052’ T
180 O 180° 1800 1800 -+l 180°25
Rotor Stator Stator
Inlet Inlet Exit
Symbols Description
O 0D Wall Static Pressure Orifice
® ID Wall Static Pressure Orifice
VA 30 deg Wedge Static Pressure/Air Angle Radial Traverse Probe
A 30 deg Wedge Total/Static Pressure Radial Traverse Probe
O Total Pressure Probe, Circumferentially Traversed
Through 14 deg Arc, (4.1, 22.7, 42.1, and 83.8% Spans)
. Total Pressure Probe, Circumferentially Traversed Through
14 deg Arc (14.1, 32.7, 52.1, 72.3 and 93.8 % Spans)
O Total Pressure/Temperature Probe, Circumferentially Traversed
Through 16 deg Arc (4.1, 22.7, 42.1, 62.3, and 83.8 % Spans)
. Total Pressure/Temperature Probe, Circumferentially Traversed
Through 16 deg Arc (14.1, 32.7, 52.1, 72.3, and 93.8 % Spans)
<> Speed Sensor
0 High Response Pressure Sensor
Figure 24. Instrumentation Layout for Stage F with FD 97767
Uniform and Radially Distorted Inlet Flow
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Instrumentation Station Number

0 1 2 3 4
180—\]\—(1;»1800 1800 1800 o —180025'
174016° g”? e
151052’ 145044’
1365— 140°30
" ] 107025’
;1150 g 050 o ,x°29 e 97044’
= 90025’
% g Qo0° ; 84016’ £
S 520300 056951
45— 5 ,
T AB18947 04y 33044
‘ 0360 $0° 350 o 7029 7044’
Direction A 354016' 57 e
of b 8.
Rotor X 321030’ - 326051
Rotation 3156— % §
¥ 2950 284029’ 3 287025’
2750 900 /“’ 277°44’
’ 0 ’
232030'C) 910 (P 235952 (241944
225— ~ 219944’
198047" LR 213052’
1850 187029 187°44
1soﬁ[\—01800 1800 1800 , —48180025'
Rotor Stator Stator
Inlet Inlet Exit
Symbols Description
@) OD Wall Static Pressure Orifice
® ID Wall Static Pressure Orifice
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O Total Pressure Probe, Circumferentially Traversed Through
14 deg Arc (4.1, 22.7, 42.1 and 83.8% Spans)
‘ Total Pressure Probe, Circumferentially Traversed Through
14 deg Arc (4.1, 22.7 and 83.8% Spans)
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’ Total Pressure Probe, Circumferentially Traversed Through
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O Total Pressure/Temperature Probe, Circumferentially Traversed
Through 16 deg Arc (4.1, 22.7, 42.1, 62.3, and 83.8% Spans)
) Total Pressure/Temperature Probe, Circumferentially Traversed
Through 16 deg Arc (14.1, 32.7, 52.1, 72.3, and 93.8 % Spans)
O Speed Sensor
@) High Response Pressure Sensor
Figure 25. Instrumentation Layout for Stage F with FD 97768
180 deg Arc Circumferentially Distorted
Inlet Flow
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Procedures

Test Procedures

Shakedown Tests - A shakedown test was performed to establish the mechanical
integrity of the test rig, determine typical stress and vibration levels over the
operating range, and obtain five overall and blade element data points and a

surge transient at near design rotor speed to check out instrumentation and data
reduction programs. In addition, data were obtained to determine the magnitude
and extent of distortion that could be achieved at design rotor speed and maximum
weight flow with the selected hub and tip radial distortion screens.

Performance Tests - Overall performance, blade element performance, flow
distribution and surge transient data were obtained during the uniform inlet flow
tests at 50, 70, 85, 95 and 100% of design equivalent rotor speed. Six data points
(defined as a combination of flow and speed) were recorded at each rotor speed

to define stage performance between maximum obtainable flow and near surge.

The near-surge point was determined on the basis of flow and rotor exit pres-
sure. Overall performance, blade element performance and flow distribution

data were obtained at three flow conditions, including maximum and near-surge
flow at 70, 85 and 100% of design equivalent rotor speed for the hub radial and

tip radial distortion of the inlet flow. With circumferential distortion of the inlet
flow, overall performance data were obtained for five flow conditions at design
rotor speed and three flow conditions each at 70 and 85% of design rotor speed.
The maximum and near surge flow conditions comprised two of the data points

on each speedline., Blade element and flow distribution data were also obtained
for the near surge and near design weight flow conditions at design rotor speed.

To obtain an approximately uniform spacing of flow distribution data around the
compressor annulus, data were recorded for six screen positions for each of these
two data points. Only one screen position was required to assure a sampling of the
overall performance in both the distorted and undistorted zones of the flow field
for the remaining nine data points.

At each data point, recording of fixed pressure and temperature instrumenta-
tion data was followed by the recording of radial and then circumferential traverse
instrumentation data. Blade stresses and rig vibrations were monitored during
steady-state and surge transient operation at all rotor speeds.

Transient measurements of orifice pressure, plenum pressure, bellmouth
static pressure, rotor speed, and rotor exit total pressure were recorded 10 times
per second to define surge characteristics as the stage was operated into and out
of surge. The output from a high response pressure transducer flush-mounted
over the rotor tip was also recorded as the stage was operated into and out of
surge. These high response probe data were correlated in time with the other
transient measurements.

Data Reduction_ Procedures

Data reduction was accomplished in three steps. The first step involved
the use of two computer programs: (1) to convert millivolt readings to appropriate
engineering units, and (2) to provide a tabulated and plotted array of pressures,
temperature, and air angle at instrumentation stations. Conversion of data to
absolute values, appropriate Mach number corrections, and adjustment of
pressures and temperature to equivalent NASA standard day conditions was per-
formed in the second computer program. .
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The second step in the planned data reduction procedures involved a third
computer program which was to calculate the rotor exit static pressure and air
angle distributions from the compressor geometry, airflow, rotor speed and
rotor inlet and stator exit total pressures, temperatures and air angles using
continuity, energy, and radial equilibrium equations. The original intent was to
use the measured static pressure distributions at the inlet guide vane inlet,
rotor exit and stator exit, but the values measured with the 30 deg wedge traverse
instrumentation failed to agree with measured wall static pressures. Consequently,
the radial distributions of static pressure at these locations were determined in
the following manner: A straight line static pressure distribution between the
average measured OD and ID wall static pressure was assumed at the inlet guide
vane inlet and rotor inlet. A static pressure profile was calculated for the stator
exit with the program which calculated the rotor exit static pressure distribution
by adjusting the boundary layer displacement factor to achieve agreement between
calculated and measured static pressure at the rotor and stator exit outer wall.
The radial distributions of rotor exit air angle and rotor exit and stator exit
static pressure, so calculated by this program, were than input into the final
performance program.

The third and final step in the data reduction procedure involved a fourth
computer program to calculate overall and blade element performance variables
for the inlet guide vane, rotor, and stator, The array of data provided in step
one and the rotor exit air angles and rotor exit and stator exif, static pressures
calculated in step two were analyzed for the selection of radial distributions of
pressures, temperatures, and air angles at each axial station for input into this
computer program. The selection of the radial distributions of the data in step
one was straightforward except for the rotor exit total pressure which was
selected as the freestream total pressure from the stator exit circumferential
traverse data. These traverse data exhibited a circumferential variation in
total pressure superimposed on the stator wake profile that was cyclic and re-
peated across each vane gap. Similar gapwise variations in stator exit total
temperature circumferential traverse data were also present which consistently
followed the total pressure values over a range of flows and speeds. Typical
examples of these gapwise variations in total pressure and total temperature at
14, 52 and 84% span from the tip are shown in figure 26. These cyclic variations
in total pressure and temperature were more pronounced at the hub region and
diminished significantly toward the tip as the interblade spacing increased,
indicating the variation was sensitive to the distance between the rotor trailing
edge and the stator leading edge. It was therefore concluded that the gapwise
variations were attributable to a stator leading edge back pressure effect on the
rotor. Consequently, the rotor exit freestream total pressure was obtained by
taking an area average of the stator exit total pressure data after fairing a gap-
wise profile across the stator wake profile.

Qverall Performance

Total pressure ratios and adiabatic efficiencies were calculated for the
rotor, rotor-stator and inlet guide vane-rotor-stator, i.e., stage. The inlet
guide vane, rotor, and stator exit total pressures and total temperatures were
weighted according to local mass flow to obtain average values. The mass-
averaged stator exit total temperatures were used for rotor, rotor-stator and
stage efficiency calculations.
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The inlet guide vane and stator wake total pressures and total pressures
at each radial measuring station were mass averaged using the local total pressure
in the wake, the local total temperature in the wake, and the calculated local static
pressure in the wake., Mach number was determined from the local measured
total and calculated static pressure. The local mass flow was then obtained from
the relationship

1+

wvr_ [rge [, 1= 2P
PA R )

where A is the flow area associated with each radial measurement increment.

For the circumferential distortion data, the mass flow averaged values of
total pressure and total temperature measured within and outside the 180 deg
arc circumferentially distorted flow region were averaged to calculate the per-
formance. This is equivalent to assuming that the relative extent of the distorted
and undistorted flow remained unchanged through the compressor.

Blade Element Performance and Flow Distribution Data

Blade element performance and flow distribution data were calculated for
each blade row for uniform and radially distorted inlet flow. Calculations were
made along design streamlines that pass through 5, 10, 15, 30, 50, 70, 85, 90
and 95% span at the rotor exit instrumentation Station 3. The calculations were
performed at the instrumentation stations and at the inlet guide vane, rotor, and
stator leading and trailing edges. The pressures, temperatures, and air angles
at the blade row leading and trailing edges were obtained by translating the
measured values from the instrumentation stations assuming conservation of
angular momentum, conservation of energy, continuity, and flow along design
streamlines. A description of the translation method is presented in Reference 3.
For circumferentially distorted inlet flow, only flow distribution data are presented
(i.e., total and static pressure, total temperature, flow argle, axial velocity,
Mach number and turning) and all data are at the instrumentation stations and
not translated to the blade row leading and trailing edges.

Surge Transient Data

The point of incipient surge at each rotor speed tested was determined from .
examination of the orifice pressure drop, plenum pressure, bellmouth pressure
and rotor exit pressure data that were recorded at 10 scans per second. Typical
relationship of these variables during an excursion into surge is shown in fig~
ure 27.

Orifice pressure drop was determined at the incipient surge point and the
corresponding weight flow was determined from the correlation of orifice pres-
sure drop and orifice weight flow shown in figure 28. Similar correlations were
also made for the hub and tip radial distortion and the circumferential distortion
data. The steady-state pressure ratio data were extrapolated to the stall flow
using the shape of the steady-state data curve as a guideline.
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Presentation of Data

Uniform Inlet

Overall Performance - Overall performance data are presented in terms of total
pressure ratio and adiabatic efficiency as functions of squivalent weight flow
(WV6/5) and equivalent rotor speed (N/\/§) for the rotor in figure 29, rotor-
stator in figure 30 and the IGV-rotor-stator (stage) in figure 31. The design
total pressure ratio and adiabatic efficiency for the rotor were 1. 614 and 94.5%,
respectively, at design flow. The corresponding design values for the rotor-
stator were 1. 565 and 87, 8% and for the stage were 1.559 and 87.2%. The
design point is shown on each figure for comparison with the performance results.
The dashed stall line in figures 29 through 31 passes through surge points deter-
mined from the transient data. Pressure ratio, adiabatic efficiency, and poly-
tropic efficiency for the rotor, rotor-stator, and IGV-rotor-stator (stage) are
tabulated for the steady-state data points in table XI and repeated in Appendix B
of Volume II.

Based on a curve faired through the data points, the rotor achieved an
adiabatic efficiency of 91.8% and a total pressure of 1.595 at design equivalent
rotor speed and flow. At the same flow and rotor speed, the rotor-stator
achieved an adiabatic efficiency of 86.7% and a total pressure ratio of 1.561 and
the stage achieved an adiabatic efficiency of 86.3% and a total pressure ratio of
1.560. At design equivalent rotor speed, maximum rotor, rotor-stator, and
stage adiabatic efficiencies of 91.9, 86.7, and 86. 4%, respectively, were reached
at approximately 100. 8, 100.9, and 101. 1% design equivalent flow; corresponding
surge margins were 12,9, 13.1, and 12. 6%.

Blade Element Performance and Flow Distribution Data - As discussed on

page 50, the blade element performance and flow distribution data were calcu-
lated for the instrumentation stations and for the IGV, rotor and stator leading
and trailing edges. Table B-2 of Appendix B, Volume II, presents the data at
the instrumentation stations at the near design point operating condition and is
included to illustrate the differences at the near design point between values
calculated from the data at the instrumentation stations and the values calculated
from the data that have been translated to the IGV, rotor and stator leading and
trailing edges. The differences are small except for the values translated to the
IGV trailing edge and the rotor leading edge. These differences are caused by
the convergence of the OD wall between the IGV and rotor which results in a
reduction of approximately 18% in annulus area. Only the translated values are
giver ‘n tables B-3 and B-4 of Appendix B, Volume II, for the remaining uniform
inlet compressor test points. The plotted results discussed for the rotor and
stator in the following paragraphs are based on the translated data.

Inlet Guide Vane Blade Element Performance - Inlet guide vane exit air
angle distributions are presented in figure 32 for the two data points closest to
design speed and flow. Air angle data obtained with each of two 30-deg wedge
probes are identified by symbol, and the design air angle distribution is shown
for comparison. The air angles measured with the two probes agree closely
with a maximum difference of approximately one deg, The average of the
measured air angles agrees within 1.5 deg of the design air angle across the
span except at 5% and 95% of span from the tip where the difference increases
to approximately 2. 0 deg.
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Rotor Blade Element Performance - Rotor diffusion factor, deviation
angle, and loss coefficient are shown as functions of incidence angle in fig-
ures 33a through 33i. At the design incidence angle and rotor speed, total pres-
sure losses were slightly higher than the design value from 5 to 70% span from
the tip and substantially greater than the design value at 85 to 95% span. Devia-
tion angles were one to two deg less than the design value between 5 and 70%
span from the tip, seven deg less than the design value at 85 and 90% span and
approximately four deg less at 95% span. The diffusion factor at design incidence
angle and rotor speed was great:r than the design value at all spanwise locations
with the maximum differences occurring at 85, 90, and 95% span from the tip.

Loss parameter versus diffusion factor is presented in figures 34a through
34e for 10, 30, 50, 70, and 90% span, respectively. The design value and the
data point corresponding to the minimum loss coefficient at design equivalent
rotor speed are indicated on each figure. Comparison of these two points shows
that the measured data are higher than the design point loss parameter and dif-
fusion factor at each span.

Figure 35 compares the data points corresponding to the minimum loss
coefficient points at design equivalent rotor speed to the momentum thickness
parameter - diffusion factor design curves. This loss-loading comparison
accounts for the influence of the difference between the measured diffusion
factor values and the design values on the blade element losses. Figure 35
shows that the measured rotor performance was close to the design curves at
all spans.

Stator Blade Element Performance -~ Stator diffusion factor, deviation
angle, and loss coefficient are presented as functions of incidence angle in fig-
ures 36a through 36i. For design incidence angle and rotor speed, the stator
losses were the same as or less than design at 50 and 70% span from the tip and
greater than design at 5, 10, 15, and 30% span. Deviation angles, at design
incidence, were greater than the design values at 5 and 10% span and approxi-
mately the same as design at 15 to 70% span. Diffusion factors, at design
incidence angle and rotor speed, were less than the design value at 5 to 70%
span from the tip. Similar comparisons could not be made at 85, 90, and 95%
span from the tip because the design incidence at these spanwise locations was
from 4.6 to 6.2 deg less than the closest data point at design rotor speed.

Loss parameter versus diffusion factor is shown in figures 37a through
37e for 10, 30, 50, 70, and 90% spans, respectively. The design value and the
data point corresponding to the minimum loss coefficient at design equivalent
rotor speed are indicated on each figure. Comparison of these two data points
shows the measured data have a loss parameter and diffusion factor approximately
the same as or less than the design value at each span.

Figure 38 compares the data points corresponding to the minimum loss
coefficient points at design equivalent rotor speed to the momentum thickness
parameter - diffusion factor design curves. This comparison shows that the
measured stator performance was lower than the design curves at 30, 70 and
90% span and higher than the design curves at 10 and 50% span.
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Wall Static Pressure -~ The wall static pressure data at instrumentation
Stations 3 and 4 were examined to determine if circumferential and gapwise
gradients were significant. As shown in figure 39, the variations of static
pressure at different circumferential locations at approximately the same loca-
tion relative to the stator vane, are small relative to the variations that exist
within one stator vane gap. It was therefore concluded that no significant cir-
cumferential variation was present in these data but that a substantial gapwise
variation was present. This strong pressure field due to the stator vanes is
consistent with the substantial gapwise total pressure and temperature gradients
noted in the data reduction section.
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Table XI. Overall Performance of Stage T
Uniform Inlet

(IGV Inlet)

Equivalent . _a N _ Gt
Weight Flow S Rotor — Rotor-Stator E}V Rotor-Stator
kg/sec 1b/sec  Pg/Py 1n.4 p Py/Py  nng np P,/Py g np
1009 Design Equivalent Roior Speed
18.25  40.23 1.490 0,796 0.807 1.419 0.691 0.706° 1.415 0.685 0.700
17.78  39.19 1.583 0,902 0,908 1. 543 0.847 0.856 1.542 0.845 0.854
17.26  38.04 1.596 0,918 0,923 1.559 0.867 0.875 1.556 0.8G63 0,871
16.75 36,94 1.587 0,908 0.914 1.554 0.862 0.871 1.552 0. 860 0.868
16.22 35.76 1.59%4 0.899 0.906 1.565 0.858 0.867 1.562 0.855 0.864
15.70  34.62 1.593 0.901 0. 908 1.553 0. 84% 0. 857 1.551 0,844 0,853
95% Design Equivalent Rotor Speed
17,75  39.13 1.430 0.820 0.829 1.372 0.717 0.729 1.368 0.709 0.722
17.00 37.48 1.517 0.936  0.939 1.474 0.866 0.873 1.470 0.860 0.868
16.36  36.07 1.524 0.935 0.939 1.488 0, 877 0.884 1.485 0.872 0.879
15,75  34.72 1.515 0.915 0.920 1.483 0.864 0.871 1.479 0.858 0,866
15.25  33.61 1.515 0.907 0.912 1.478 0.849  0.857 1.476 0,846  0.854
14,70  32.40 1.520 0.896  0.902 1.476 0.828  0.837 1.474 (6.824  0.833
85% Design Equivalent Rotor Speed
16.70 36.81 1.332 0.864 0,869 1.299 0.784 0,791  1.297 0.778 0.786
15.78 34.78 1.391 0.943 0.946 1.368 0.891 0.896 1.365 0.887 0.891
14.92  32.88 1.395 0.934  0.937 1.369 0.876 0.881 1,367 0.872  0.877
13.95 30.75 1.397 0.913 0. 917 1,376 0.869  0.875 1,374 0.865 0.871
13.01  28.68 1.402  0.903 0.907 1.377 0.851 9,858 1.376 0.849 0.856
12.61 27.80 1.402 0.893 0.898 1,373 0.834 0.841 1.372 0.832 0.839
70% Design Equivalent Rotor Speed
14. 61 32.22 1.236 0.950 0.952 1.214 0.865 0.869 1,211 0.856 0.860
13.44  29.62 1.249 0,957 0.959 1.235 0.905 0.908 1.233 0.8%8 0.901
12.46  27.46 1.252 0.943 0.944 1,240 0.902 0.904 1.239 0.899 0.902
11.57 25.50 1.252 0.938 0.940 1.241 0.898 0.902 1.239 0.892 0.895
10.59 23.35 1.255 0.916  0.919 1.241 0.869 0.873 1,240 0.865 0.869
9.81 21.63 1.257 0.889 0.892 1,238 0.828 0.833 1,238 0.826 = 0.832
50% Design Equivalent Rotor Speed
10.73  23.65 1.116 0.950 0.951 1.108 0.890 0.890 1.107 0.881 0.882
9.89 21.81 1.117 0.956 0. 957 1.112 0.913 0.914 1.111 0.906 0.907
9.14 20.15 1.119 0.921 0.922 1.114 0.884 0.886 1.113 0,878 0.880
8.47 18. 67 1.120 0.916  0.917 1.115 0. 875 0. 877 1.114 = 0.869 0.871
7.73 17.04 1.123  0.927 0.928 1.117 0.888 0.890 1.117 0.884 0,886
6.92 15.25 1.125 0.908 0.910 1.118 0. 853 0.855 1.117 0. 851 0. 853
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Symbol 30-deg Wedge Probe Equivalent Weight Flow

Circumferential Location, deg (kg/sec) (Ib/sec)
O 7.5 16.75 (36.94)
® 187.5 16.75 (36.94)
O 1.5 17.26 (38.04) 8
17 » 187.5 17.26 (38.04)
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Figure 32, Stage F Inlet Guide Vane Exit Air Angle Distribution DF 102110
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Hub and Tip Radial Inlet Flow Distortion

Overall performance, blade element performance, and flow distribution
data were obtained with hub radial and tip radial distortion of the inlet flow, The
screens used to produce the distortion are described on page 39. At flows of
approximately 17, 69 kg/sec (39 Ib/sec, i.e., 103% design equivalent flow), the
hub and tip radial distortion screens produced 17.7 and 13.4% total pressure
distortion, respectively, i.e., (Plyes = leln)/ Plmax: Rotor inlet total pres-
sure profiles are presented in figureaio.

Overall Performance - Overall performance data obtained with hub radial dis-
tortion of the inlet flow are presented in terms of pressure ratio and adiabatic
efficiency as functions of equivalent weight flow and equivalent rotor speed for
the rotor, rotor-stator, and inlet guide vane-rotor-stator (stage) in figures 41
through 43. Similarly, presented in figures 44 through 46 is the overall per-
formance obtained with a tip radial distortion of the inlet flow. Uniform inlet
flow data and the rotor, rotor-stator, and stage design points are presented in
these figures for comparison with the radially distorted inlet flow data. The
surge line shown was determined for surge transient data, Pressure ratio,
adiabatic efficiency, and polytropic efficiency for the rotor, rotor-stator, and
stage are tabulated for the steady-state data points with radial distortion in
table XII and repeated in table B-5 of Appendix B, Volume II,

With hub radial distortion of the inlet flow, rotor pressure ratio, and
efficiency at design equivalent flow and rotor speed were 1,525 and 86.4%, com-
pared with 1,595 and 91,8% for uniform inlet flow. Similarly, rotor-stator
pressure ratio and efficiency were 1.514 and 83, 0% as compared with 1,561 and
86, 7% with uniform inlet flow. With the addition of hub radial distortion, the
surge flows were 3.8, 5.9, and 4.2% lower than with uniform inlet flow at 70,

85 and 100% design equivalent rotor speed, respectively. Therefore, Stage F

performance was adversely affected by hub radial distortion while surge flow
was not.

With tip radial distortion of the inlet flow, rotor pressure ratio at design
equivalent flow and rotor speed was 1,598 as compared with 1.595 for the uniform
inlet flow. Rotor efficiency under the same conditions was 91.0%, compared with
91, 8% for uniform inlet flow. The corresponding rotor-stator pressure ratio and
efficiency were 1.569 and 85. 3% as compared with 1,561 and 86.7% for uniform
inlet, Surge occurred at 7.4, 3.5, and 1.4% higher flow at 70, 85, and 100%
design equivalent rotor speed, respectively, when compared to the uniform inlet
test results. Consequently, Stage F was not substantially affected by tip radial
distortion.

Blade Element Performance and Flow Distribution Data - Blade element perform-

ance and flow distribution data with radial distortion were calculated for each of
the nine design streamline locations, and the results, based on data translated to
the blade row leading and trailing edges, are presented in tables B-6 through B-9
of Appendix B, Volume II,
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Rotor and Stator Blade Element Performance - Diffusion factor, deviation
angle, and loss coefficient with hub radial and tip radial distortion of the inlet flow
are presented as functions of incidence angle in figures 47a through 47i for the
rotor and in figures 48a through 48i for the stator. The average of the respective
uniform inlet data is represented on each of these figures with a line. Compari-
son of the distortion data to the uniform inlet data shows the rotor data have sub-
stantial disagreements between the hub radially distorted, tip radially distorted
and uniform inlet flow data whereas the stator data have very good agreement for
all data., Agreement of the stator data indicates the perturbation caused by the
inlet distortion screens was attenuated within the rotor.

Examination of the rotor inlet data shows good agreement between the air
angle data from each of the two traverse probes and good agreement between the
static pressure data from the taps on the inner wall and the taps on the outer wall.
However, the inlet guide vane exit total pressure data exhibited highly inconsistent
behavior for the distortion tests. Typical hub, mean and tip total pressure pro-
files are presented in figure 49 for uniform inlet and hub and tip radially distorted
inlet conditions. These data show the total pressure profiles with distorted inlet
flow disagree substantially with the uniform inlet profiles in the distorted regions
and agree more closely with the uniform inlet in the undistorted regions. Re-
examination of the rotor blade element data shows the same trend, i.e., severe
disagreement between the distorted data and the uniform inlet data in the distorted
region and no substantial disagreement in the undistorted region. Therefore, it
was concluded the inlet guide vane total pressure profiles caused the discrepancies
in the rotor blade element data. The instrumentation was insufficient to determine
the cause of the unusual profiles typified in figure 49.

Flow Distribution Data - Radial distributions of total and static pressure,
total temperature, absolute air angle, and axial velocity for the rotor inlet, stator
inlet and stator exit are presented for hub and tip radial distortion of the inlet flow
in figures 50 through 58 and 59 through 67, respectively. The values for the nine
design streamline locations are also tabulated in tables B-6 through B-9 of Appendix B,
Volume II.

Stage inlet and exit total pressure and axial velocity profiles for uniform
inlet flow at design rotor speed and 17.25 kg/sec (38.0 1b/sec, i.e., 100.7%
design flow) are given in figure 68. Comparison of these uniform inlet profiles
to the hub and tip radial distortion profiles in figures 50 and 59 shows there is
little difference between the exit profiles for the uniform inlet and hub and tip
distortion, thus indicating the rotor substantially attenuates both distortion
patterns. This result is typical of the results obtained at other rotor speeds
and flows. However, these distortion attenuation capabilities of Rotor F have
produced an anomaly.

The ability of a rotor to attenuate inlet distortion is measured by its
ability to increase its work level with the decrease in inlet axial velocity caused
by the inlet distortion. This ability can be assessed by calculating the relation-
ship between "ideal" rotor pressure ratio and the axial velocity/rotor speed
ratio (Vz/U) with the assumption of a constant inlet absolute air angle (g9) and
constant exit relative air angle (ﬁ!;)- Distortion attenuation capabilities are good
if there is a negative gradient, i.e., increasing pressure ratio with decreasing
Vz/U, while distortion attenuation capabilities are r if the gradient is positive
or just slightly negative. The pressure ratio - Vz}I,Jo‘;-elaﬂonshlp for Rotor F
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with a constant 9 - constant g 5 is given in figure 69 at 10 and 90% span from
the rotor tip and is compared to values calculated from the data for uniform inlet
and hub and tip radially distorted inlet flow, Figure 69 shows that the rotor tip
has a steep negative gradient for the constant 9 - constant §% slope which agrees

with the data and explains why the tip distortion was attenuated. The rotor hub was

essentially a zero gradient for the constant 2 - constant . slope indicating that
the rotor hub should be unable to attenuate any significant distortion. However,
the hub did attenuate the distortion as shown above, This distortion attenuation
ability is explained by figure 69 which shows the pressure ratio - Vz/U relation-
ship calculated from the hub radial distortion data substantially exceeded the
constant f, - constant 3 value, thus allowing the hub to attenuate the distortion.
A comparison of the spanwise distributions of rotor deviations with hub radial
and tip radial distortion and uniform inlet flow, presented in figure 70, indicatcs
this difference between the predicted and measnured pressure ratio - Vz/U
relationship resulted from a sharp increase in rotor deviation in the rotor hub
region.
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Table XII. Overall Performance of Stage F

Radial Distortion

0.715 0.729 e

0.841 0.848 i

0.802 0,808 Sar—

(IGV Inlet)
Equivalent Bidnionbiceiek
Weight Flow — Rotor - _Rotor - Stator IGV - Rotor - Stator
kg/sec  1b/sec P3/Pgy Nad p P4/Pg nad p Py4/Py nad p
HUB RADIAL DISTORTION
100% Design Equivalent Rotor Speed
17.79 39.21 1.47¢ 0.795 0.806 1.427 0.718 0,732 1.425
16,02 35.32 1.573 0.875 0.883 1.538 0.826 0.837 1.532 0.819 0.829
14,98 33.06 1. 600 0.880 0.887 1.547 0.813 0.824 1.542 0.806 0.818
85% Design Equivalent Rotor Speed
16.24 35.80 1.363 0.889 0.894 1.333 0.817 0.824 1.318 0.784 0.791
13.93 30.71 1.402 0.896 0.901 1.381 0.852 0.858 1.376
12,21 26.92 1.415 0.876 0.882 1.379 0.807 0.816 1.372 0,793 0.802
70% Design Equivalent Rotor Speed
13.95 30.75 1.245 0.902 0.905 1.227 0.839 0.844 1.218 0.808 0.813
11,54 25,44 1.263 0.909 0.912 1.251 0.866 0.870 1.246 0.849 0.854
9.97 21.99 1.270 0.883 0.887 1.250 0.819 0.825 1.244
TIP RADIAL DISTORTION
100% Design Equivalent Rotor Speed
17.91 39.48 1.500 0.815 0.825 1.447 0,738 0.751 1.434 0.719 0.733
16.41 36.17 1.606 0.903 0.909 1.566 0.850 0.859 1.553 0.833 0.843
15.52 34,21 1.614 0.894 0.901 1.560 0.827 0.837 1.546 0.810 0,821
85% Design Equivalent Rotor Speed
16.54 36.46 1.385 0.908 0.912 1.348 0.829 0.836 1.339 0.809 0.817
14.37 31.68 1.416 0.922 0.926 1.393 0.876 0.881 1,386 0.861 0.867
13.15 28.99 1.414 0.895 0.900 1.387 0.839 0.847 1.383 0.832 0.839
70% Design Equivalent Rotor Speed
14.23 31.38 1.264 0.938 0.940 1.245 0.875 0.879 1.239 0.855 0.859
11.96 26,36 1.275 0.933 0.935 1.260 0.883 0,887 1.256 0.870 0.874
10,82 23, 85 1.271 0,888 0,892 1,254 0,835 0,840 1,252 0,829 0,834
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Figure 40. Rotor F Inlet Total Pressure Profiles DF 102142
With Radial Distortion
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Figure 44, Overall Performance of Rotor F with Tip
Radial Distortion
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Figure 49, Comparison of Typical Inlet Guide Vane DF 102168

Exit Total Pressure Profiles at Hub, Mean
and Tip for Uniform Inlet and Radial Inlet
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Figure 60, Total and Static Pressure, Total Temperature, Air Angle and Axial Velocity vs
Span at Rotor Inlet, Stator Inlet and Stator Exit; 100% Design Equivalent Rotor Speed;
Equivalent Weight Flow = 16.41 kg/sec (36.17 1b/sec); Tip Radial Distortion
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Circumferential Distortion

Rotor, rotor-stator and IGV-rotor-stator, i.e., stage, overall performance
was obtained with 180 deg arc circumferential distortion of the inlet flow, The
screen used to produce the distortion is described on page 39. At a flow of
approximately 16,74 kg/sec (36.90 1b/sec), i.e., 97.8% design equivalent flow,
the screen produced 14.4% total pressure distortion, (Pl .. u¥ P]

This inlet guide vane inlet total pressure distribution is s own in ﬂugure  p B At
maximum flow, i.e., 17,93 kg/sec (39.53 1b/sec) or 104, 8% of design equivalent
flow, the screen produced 17.3% total pressure distortion, This profile is not
shown because at that flow, pressure data were recorded at only two circum~-
ferential locations relative to the 180-deg arc distortion screen.

Overall Performance - The rotor, rotor-stator, and stage overall performance
achieved with circumferential distortion of the inlet flow is compared with
uniform inlet performance in figures 72, 73 and 74, respectively. The solid
symbols of these figures indicate the data points for which both overall perform-
ance and flow distribution data were recorded; and the solid surge line passes
through surge points determined from the transient data, Pressure ratio,
adiabatic efficiency and polytropic efficiency for the rotor, rotor-stator and
stage are tabulated for the steady-state data points in table XIII and repeated

in Appendix B of Volume II.

With circumferential distortion of the inlet flow, rotor pressure ratio and
efficiency at design equivalent rotor speed and flow were 1,586 and 89.3%,
compared with 1.595 and 91. 8% for uniform inlet flow, Similarly, rotor-stator
pressure ratio and efficiency were 1.540 and 82,2% as compared to 1.561 and
86.7% with uniform inlet flow; stage pressure ratio and efficiency were 1.525
and 81,0% as compared to 1.560 and 86.3% with uniform inlet flow. With the
addition of circumferential distortion at 70, 85 and 100% design equivalent rotor
speed, there were +0,012, +0,010 and -0, 015 changes, respectively, in stage
surge pressure ratio and corresponding 4.4, 5.3 and 4. 8% increases in stage
surge weight flow, The effect of 4 to 5% increases in surge weight flow on the
surge line more than offset the effect of increases in surge pressure ratio
achieved at 70 and 85% design rotor speed. The surge line was, therefore,
lower with circumferential distortion relative to that obtained with uniform inlet
flow.

The peak rotor efficiency (figure 72) at 70, 85 and 100% design equivalent
rotor speed with circumferential distortion was 1.2, 0.5 and 2.5 percentage
points lower than the comparablz values for the uniform inlet flow tests. Rotor-
stator efficiencies (figure 73) were 3.3, 3.1 and 4. 3 percentage points lower
than the uniform inlet resuvits., Peak efficiency for the rotor, rotor-stator and
stage occurred at 70% design equivalent rotor speed.

To verify the accuracy of the overall performance values presented in fig-
ures 72 through 74, two calculation procedures were used. For all the test points
shown, data were recorded at one screen position, but for the near-stall and mid-
flow 100% design speed test points, data were recorded at five additional screen
positions. The one screen position or open symbols of these figures represent
an average of performance from one location within and one location outside the
distorted area whereas the six-screen position or closed symbols represent an
average of performance from 12 circumferential locations relative to the distor-
tion screen. A comparison of these overall performance calculation results is
presented in table XIV.
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Table XIII. Overal. Performance of Stage F
180 deg Arc Circumferential Distortion

(IGV Inlet)
Equivalent ”
Weight Flow - Rotor — Rotor-Stator - IGV-Rotor-Stator
kg/sec  1b/sec P3/§2 Nad p P4/32 Nad p P4/-151 Nad p
100% Design Equivalent Rotor Speed
17.93 39.53 1.527 0. 855 0.863 1.450 0.744 0.757 1.443 0.734 0,747
17.40 38.36 1.570 0.884 0.891 1.522 0.814 0. 825 1.515 0. 805 0.816 &
*16.74 36.90 1.592 0. 890 0,897 1.540 0.821 0.832 1.531 0.809 0.820
16.27 35. 88 1.597 0.875 0.883 1.545 0. 809 0.820 1.538 0.800 0,812 —
*15. 81 34.85 1.585 0.868 0.876 1.532 0.799 0.811 1.526 0.792 0.804 %:;f
85% Design Equivalent Rotor Speed
16.25  35.81 1.401  0.933  0.936  1.353  0.831  0.838 1.348 0,820  0.827 i
14,38 31.70 1.420 0.919 0,923 1.383 0.847 0. 854 1.380 0.839 0.846 ;
13.57 29.91 1.415 0.884 0. 889 1.384 0. 826 0.833 1.380 0. 818 0.826
70% Design Equivalent Rotor Speed
13.84 30.51 1.264 0.944 0.946 1.240 0. 864 0. 868 1,237 0.852 0.856
11.70 25,80 1.265 0.907 0.910 1. 246 0.853 0. 857 1.244 0. 846 0. 850
10, 82 23. 86 1.269 0.877 0.881 1.251 0.823 0.828 1.250 0.819 0. 825

*Data taken at multiple screen positions
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Table XIV, Single vs Multiple Screen Position Performance
Calculations at Design Rotor Speed

Test Point Rotor Rotor-Stator Stage
Description Parameter Single Multiple Single Multiple Single Multiple
Near-Stall Flow PR 1.601 1,585 1,548 1,532 1.540 1,526
15. 81 kg/sec nad % 86.7 86.8 80.1 79,9 79,1 79,2
(34. 85 1b/sec) p % 87.6 87.6 81.3 81.1 80.3 80.4
Mid-Point Flow PR 1.594 1,592 1,540 1,540 1,532 1.531
16.74 kg/sec nad % 90,2 89.0 82,9 82,1 81,9 80.9
(36.90 1b/sec) np % 90.8 89.7 84,0 83.2 82.9 82,0

As shown, the larger sample resulted in 0,016 and 0,002 losses in design
speed rotor pressure ratio at near stall and mid-point flowrates. Corresponding
efficiency changes were +0,1 and -1.2 percentage points. The values calculated
for the rotor-stator at design speed using the larger data sample resulted in 0.01
and 0.0 losses in pressure ratio and 0.2 and 0. 8% losses in efficiency for the
near-stall and mid-point flowrates. No other multiple screen position data were
recorded and consequently no part speed performance comparisons were made.
This comparison of the two calculation procedures indicates fair agreement;
however, additional data samples should be obtained if more accurate assess-
ment of the performance with circumferential distortion is desired.

Flow Distribution Data - Tables B-11 and B-12 of Appendix B, Volume II presents
flow distribution data at the instrumentation stations at 5, 10, 15, 30, 50, 70, 85,
90 and 95% span from the tip for circumferential increments of 30 deg around the
compressor annulus, Circumferential distributions of total pressure, static
pressure, total temperature, air angle and axial velocity at the rotor inlet and
stator exit instrumentation stations at 10, 30, 50, 70 and 90% span from the tip

are presented in figures 75 and 76 for the mid-flow and near-surge flow test

points recorded at design rotor speed. A design streamline circumferential flow
shift was assumed for the distorted area as it passed through the compressor and
has been accounted for in the flow distribution data. The streamline position,

noted at the top of each data sheet in tables B-11 and B~12 in Appendix B, Volume II,
is the streamline location relative to the centerline of the local undistorted region

at each instrumentation station. For the purpose of data presentation the center

of the undistorted region corresponds to the 0/360 deg location on the circumferential
plots of figures 75 and 76.

A comparison of the circumferential distribution of figures 75 and 76 design
speed mid-flow and near-stall flow total pressure at the rotor inlet with the cor-
responding values at the stage exit, indicates fair attenuation of the inlet distor-
tion by the hub and tip sections of the compressor, i.e., (Pmax = Pmin)/Pmax
decreased from approximately 0.14 to 0.04 and 0.07 at 10 and 90% span from the tip,
whereas at mid-span, the decrease was from 0.14 to 0.11. A similar comparison
indicates no attenuation of axial velocity at any span.
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DF 102190

74 kg/sec

=16

ivalent Weight Flow
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.
’

Inlet Guide Vane Inlet Total Pressure Distribution with 180 deg Arc Circumferential

Distortion at Design Equivalent Rotor Speed

(36. 90 1b/sec)

Figure 71.
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Summary

Stage F, composed of an inlet guide vane, Rotor F and Stator F, was tested
with uniform inlet flow, hub radial, tip radial and circumferential distortion of
the inlet flow. With uniform inlet flow, the rotor and the rotor-stator combination
essentially achieved their respective design pressure ratio goals, but did not
achieve their respective design efficiency goals. With uniform inlet flow at design
equivalent rotor speed and flow, the rotor achieved a pressure ratio of 1.595 with
an adiabatic efficiency of 91, 8% compared with respective design values of 1,614
and 94.5%. At the same flow and rotor speed, the rotor-stator achieved a pres-
sure ratio of 1,561 and an adiabatic efficiency of 86.7% compared with design
values of 1,565 and 87.8%. These efficiencies were achieved at average diffusion
factors of 0,65 and 0,53 for the rotor and stator, respectively.

Imposition of hub radial, tip radial and circumferential inlet flow distortion
had a varied effect on Stage F. With tip radial distortion, surge flow increased
1.4%; with hub radial distortion, surge flow decreased 4.2%; and with circum-
ferential distortion, surge flow increased 3.8%. These values are relative to the
uniform inlet results at design equivalent rotor speed. Rotor F-Stator F decreases
in peak adiabatic efficiency at 70, 85 and 100% design equivalent rotor speed rela-
tive to uniform inlet flow results were 3.3, 2.3 and 3.2% with hub radial distortion;
1.6, 0.5 and 1,2% with tip radial distortion; and 3.3, 3.1 and 4. 3% with circum-
ferential inlet distortion. With radial inlet flow distortion, the compressor sub-
stantially attenuated the inlet total pressure and velocity distortion across the
span. With circumferential inlet flow distortion, the compressor slightly atten-
uated the inlet total pressure distortion at the endwalls; it did not attenuate the
velocity distortion.
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PART II

TASK V - STAGE G AERODYNAMIC DESIGN AND OVERALL AND
BLADE ELEMENT PERFORMANCE

Part II of this report summarizes the work performed under Task V of
Contract NAS3-11158, Task V was a two-month program undertaken to obtain
performance data on a single-stage compressor, designated as Stage G, which
had similar aspect ratio, solidity, and loading level to that of Stage F, but
utilized multiple circular arc (MCA) blading. This test program provided
comparative data between MCA and double circular arc (DCA) blading.

The blading utilized for Stage G was not designed 2s part of this program,
but rather was existing P&WA blades adapted for the program. The original
design was based on a solidity of 1. 0 but was changed to a solidity of 1,25 by
adding spare blades and vanes to provide a closer match to the Stage F solidity.

The Jdescription of the design of these blades, which is presented in the
following section, relates to the actual aerodynamic design at a solidity of 1.0,
Six rotor blades and eight stator vanes were added to raise the solidity to 1.25
for the Stage G test. Performance at the higher solidity was re-estimated by
altering the deviation angles in accordance with Carter's rule, and the resulting

Stage G performance is presented in table XV.

Table XV. Performance Goals for Stage G

Performance Goal

Parameter Stage G
Flow, WV@/5, kg/sec (Ib/sec) 16.72 (36. 86)
Speed, N/V/6, rpm 11,529
Inlet Hub/Tip Ratio 0,772
Pressure Ratio, Rotor 1.657
Pressure Ratio, Rotor-Stator 1.F04
Efficiency, Adiabatic, Rotor 90.6
Efficiency, Adiabatic, Rotor-Stator 84.14
Utip/A/8» m/sec (ft/sec) 327 (1074)
Rotor Inlet Tip Diameter, cm (in.) 54, 244 (21.356)
Aspect Ratio, Rotor 1.00
Aspect Ratio, Stator 1.00
Solidity, Rotor 1.250
Solidity, Stator 1.248
Diffusion Factor, Rotor 0.68
Diffusion Factor, Stator 0.54
Chord, Rotor, cm (in.) 5.88¢Y (2.317)
Chord, Stator, cm (in.) 5.151 (2. 028)
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Aerodynamic Design
Design Velocity Diagrams

Design velocity diagrams were selected to satisfy the criteria specified in
table XVI.

Table XVi. Design Criteria for MCA Blading

Equivalent Flow, W/3/5, kg/sec (Ib/sec) Rotor Inlet 16.72 (36. 86)

Equivalent Rotor Speed, N/\/§, rpm 11,596
Stage Pressure Ratio 1.495
Rotor Inlet Prewhirl, deg 18.1
Rotor Tip Speed, m/sec (ft/sec) 329 (1080)
Rotor Inlet Hub/Tip Ratio 0.772
Stage Exit Absolute Air Angle, deg 18.5

In addition to the criteria specified in table XVI, the rotor and stator aspect
ratios and mean solidities were specified as 1.0.

The velocity diagrams were calculated using a streamline analysis com-
puter program which solved the continuity, energy and radial e¢quilibrium equa-
tions. The calculation required that the rotor relative inlet air angle, stage exit
air angle, stage exit total pressure and blade rnw losses be input into the pro-
gram. The blade row losses were synthesized from a P&WA empirical predic-
tion system, The radial distributions of loss used in the design are shown in
figure 77, The resulting velocity diagrams for the MCA low solidity, i.e., 1.0,
stage are presented in tables XVII, XVIII, and XIX for the inlet guide vane,

“Rotor G and Stator G, respectively.

Stage G Geometry
Inlet Guide Vane

The existing Stage F inlet guide vane, NACA Series 63 (C1,A4Kg) 06 airfoil,
was closed approximately seven deg to obtain the desired rotor relative inlet air
angle distribution. The metal geometries for the airfoil sections on planes
tangent to conic surfaces that approximate the design streamlines of revolution
are presented in table XX,

Rotor G and Stator G

Rotor and stator blading were composed of MCA airfoil sections designed
on conical surfaces which approximated stream surfaces of revolution. In general,
the MCA airfoil is a combination of two double circular arc sections of different
turning rates, permitting some control of suction surface aerodynamics. A typical
cross section of a MCA airfoil is shown in figure 78. The chord lengths and the
numhber of blades and vanes were established by the selected flowpath dimensions,
blade row aspect ratios and blade row solidities. Thickness-to-chord catio dis-
tributions were selected to give minimum airfoil cross sections consisteat with
safe mechanical design practices.
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Table XVIL Stage G Inlet Guide Vane Vector Diagram Calculation Results

SI (Metric) Units

—
-3 el
¥ Equivalent Rotor Speed = 11596 rpm Equivalent Weight Flow = 16. 72 kg/sec
Percent Span
From Tip
Leading Trailing Vle Vzle V0le ale Vte Vzte Vo te Bte a T
Edge Edge (m/sec) (m/sec) (m/sec) (deg) (m/sec) (m/sec) (m/sec) (deg) (deg)
Hub 94.1 94,2 113.6 113. € 0.0 0.0 142, 6 133.1 51.1 20,99 -0.58
88.3 88.4 113.6 113.6 0.0 0.0 142.5 132.9 51.5 21.17 -1.14
77.2 77.3 113.6 113.6 0.0 0.0 142, 2 132, 3 52,2 21.53 -2.19
61.2 61.3 113.6 113.6 0.0 0.0 141.5 131.2 53.1 22,04 -3.61
46.0 46,2 113.6 113.6 0.0 0.0 140.6 129.9 53.9 22,52 -4,.88
31.5 31.7 113.6 113.6 0.0 0.0 139. 7 128.6 54.6 22,99 -6.03
17,7 17.8 113.6 113.6 0.0 0.0 138.8 127.3 55.2 23.43 ~-7.07
8.7 8.8 113.6 113.6 0.0 0.0 138.1 126.5 55.6 23.72 -7.70
Tip 4.3 4.4 113.6 113.6 0.0 0.0 137.7 126.0 55.7 23.86 -8.01 g
Percent Span
From Tip
Leading  Trailing M . Ple
Edge Edge le w (N/cm?2)
Hub 94,1 94,2 0.3375 0. 066 10.132
88.3 88.4 0. 3375 0. 060 10. 132
7.2 77.3 0.3375 0.050 10. 132 I
61.2 61.3 0.3375 0.043 10,132
46,0 46,2 0.3375 0.041 10.132
31.5 31.7 0. 3375 0.041 10.132
17:7 17.8 0. 3375 0.043 10, 132
8.7 8.8 0.3375 0. 046 10. 132
Tip 4.3 4.4 0. 3375 0. 049 10. 132 }-

-~
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Table XVIL. Stage G Inlet Guide Vane Vector Diagram Calculation Results

U.S. Customary Units

Equivalent Rotor Speed = 11596 rpm Equivalent Weight Flow = 36, 86 1b/sec
Percent Span B i
From Tip ;
Leading  Trailing Vie Vale Vole 6le Vie Vate Vote Bte @
Edge Edge (ft/sec) (ft/sec) (ft/sec) (deg) (ft/sec) (ft/sec) (ft/sec) (deg) (deg)
Hub 94,1 94,2 372.6 372.6 0.0 0.0 467.9 436.8 167.6 20.99 -0.58 3
88.3 88.4 372.6 372.6 0.0 0.0 467.5 436.0 168. 8 21.17 -1.14
7.2 77.3 372.6 372.6 0.0 0.0 466.6 434.0 171.2 21.53 -2.19
61.2 61.3 372.6 372.6 0.0 0.0 464.3 430.4 174.2 22,04 -3.61
46.0 46,2 372.6 372.6 0.0 0.0 461.4 426, 2 176.7 22,52 -4, 88
31.5 31.7 372.6 372.6 0.0 0.0 458. 4 422.0 179.0 22,99 -6.03 o
7.7 17.8 372.6 372. € 0.0 0.0 455.4 417.8 181.0 23,43 -7.07
8.7 8.8 372.6 372.6 0.0 0.0 453.1 414.9 182.3 23. 72 -7.70
Tip 4.3 4.4 372.6 372.6 0.0 0.0 451.9 413.3 182.8 23.86 -8.01
Percent Span T
From Tip
Leading  Trailing M . Ple
Edge Edge le w (psia)
Hub 94.1 94,2 0.2375 0.066 14. 694
88.3 88.4 0.3375 0.060 14. 694
77.2 7.3 0.3375 0. 050 14. 694
61.2 61.3 0.3375 0. 043 14. 694
- 46.0 46.2 0.3375 0.041 14. 694
-~ 31.5 31.7 0.3375 0.041 14. 694
19,7 17.8 0. 3375 0. 043 14. 694
8.7 8.8 0. 3375 0. 046 14, 694
Tip 4.3 4.4 0. 3375 0.049 14,694
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Table XVIII. Rotor G Vector Diagram Calculation Results

SI (Metric) Units

Equivalent Rotor Speed = 11596 rpm

Equivalent Weight Flow = 16,72 kg/sec

Percent Span
From Tip
Leading Trailing V'ie Vzie V'ole B'le Ble Ule V'te Vzte Viste 8'te Ute o
Edge Edge (m/sec) (m/zlec) (m/sec) (deg) (deg) (m/sec) (m/sec) (m/sec) (m/sec) (deg) (m/sec) (deg)
Hub 94.3 94.4 271.8 175.6 207.5 49,77 16.28 258.8 192.3 190.0 29.6 8.86 258.2 -0.49
88.7 88.9 274.5 175.4 211.2 50.30 1€.47 263.1 195.6 192.0 37.2 10,96 261.9 -0.97
7.7 78.0 279.9 174.9 218.5 51.33 16.83 271.4 203.5 194.9 58.2 16.68 269.1 -1.88
61.9 62.3 287.7 174.0 229.2 52.79 17.32 283.4 210.5 192.7 84,7 23.75 279.6 -3.16
46.8 47.1 295.5 173.0 239.6 54.17 17.77 295.0 212.7 187.3 100.8 28,28 289.7 -4,93
32.2 32.5 303.1 172.0 249.6 55.44 18.18 306.1 213.2 179.7 114.6 32,52 299.4 -5.45
18.1 18.3 310.7 170.9 259.4 56.62 18.56 316.8 208.0 168, 7 121.6 35.80 308.9 -6.49
8.9 9.0 215.7 170.2 265.8 57.37 18.80 323.8 201.2 156.0 127.1 39.18 315.0 -7.14
Tip 4,4 4.5 318.1 169.8 269.0 57.73 18.91 327.2 198.3 148.7 131.2 41.42 318.0 -7.45
Percent Span
From Tip
Momentum
Leading ‘Trailing - Loss Thickness Ple Tie Pte Tte
Edge Edge M'le D < Parameter Parameter (N/cm?) (°K) (N}cmz) (°K)
Hub 94.3 94,4 0,823 0.525 0.132 0.057 0.133 10,081 288.1 16.024 333.6
88.7 88.9 0.831 0.516 0.117 0.052 0.120 10.086 288.1 16,083 333.1
77.7 78.0 0.847 0.486 0.068 0.031 0.070 10,094 288.1 15.923 330.2
61.9 62.3 0.871 0.463 0.040 0.017 0.040 10.099 288.1 15.601 326.9
46.8 47.1 0.894 0.469 0.049 0.021 0.048 10.100 288.1 15.459 326.2
32.2 32.5 0.917 0.482 0.078 0.034 0.074 10. 100 288.1 15.283 325.9
18.1 18.3 0.940 0.521 0.144 0.062 0.134 10.099 288.1 15.182 327.5
8.9 9.0 0.955 0.556 0.134 0.077 0.159 10,096 2868.1 14,950 328.3
Tip 4.4 4.5 0.962 0.569 0.206 0.084 0.166 10.094 288.1 14.783 328.3
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%E ‘ Table XVIII, Rotor G Vector Diagram Calculation Results

U. S. Customary Units

Equivalent Rotor Speed = 11596 rpm Equivalent Weight Flow = 36. 86 1b/sec
Percent Span
From Tip
Leading  Trailing Ve Vale V'sle 8'le fle Ule V'te Vzte V'gte 8'te Ute o
Edge Edge (ft/sec) (ftfsec) (ft/sec) (deg) (deg) (ft/sec) (ft/sec) (ft/sec) (ft/sec) (deg) (ft/sec) (deg)
Hub 94,3 94.4 891.8 576.0 680.9 49,77 16.28 849.1 630.8 623.2 97.0 8.86 847.1 -0.49
88.7 88.9 900.7 575.3 693.0 50.30 16.47 863.1 641.7 30.0 122,0 10.96 859.2 -0.97
77.7 78.0 918.2 573.8 716.9 £1.33 16.83 590.4 667.5 639.5 191.0 16.68 882.9 -1.88
61.9 62.3 944.0 570.8 751.9 52,79 17:32 929.9 690.6 632.1 278.0 23.75 917.2 -3.18
46.8 47.1 969.4 567.5 786.0 54.17 17,77 967.8 697.8 614.° 339.6 28,28 950.3 -4,93
32.2 32.5 994.5 564.2 819.0 55.44 18,18 1004.3 699.4 589, 7 376.0 32.52 982.3 ~5.45
18.1 18.3 1019.3 560.8 851.1 56.62 18.56 1039.5 682.4 553.4 399.1 35.80 1013.3 -6.49
8.9 9.0 1035.6 558.5 872.1 57.37 18.80 1062.3 660.1 511.7 417.0 39.18 1033.5 -7.14
Tip 4.4 4.5 1043.7 557.2 882.5 57.73 18.91 1073.5 650.5 487.9 430.3 41,42 1043.4 -7.45
Percent Span
From Tip
Momentum
Leading  Trailing _ Loss Thickness Ple Tle Pte Te
Edge Edge M'le D wt Parameter Parameter (psia) (°R) (psia) ('l‘()
Hub 94.3 94.4 0,823 0.525 0.132 0.057 0.133 14.621 518.6 23.240 600.4
88.7 88.9 0.831 0.516 0.117 0.052 0.120 14.€28 518.6 23.326 599.5
77.7 78.0 0.847 0.486 0.068 0.031 0.070 14.639 518.6 23.094 594.3
61.9 62.3 0.871 0.463 0.040 0.017 0.040 14.647 518.6 22,627 588.5
46,8 47.1 0.89%4 0.469 0.049 0,021 0.048 14.649 518.6 22,420 587.2
32,2 32,5 0,917 0,482 0.078 0.034 0.074 14.649 518.6 22,166 586.7
18.1 18.3 0.940 0.521 0.144 0.062 0.134 14,647 518.6 22,019 589.5
8.9 9.0 0.955 0.555 0.184 0.077 0.159 14.643 518.6 21.682 599.9
Tip I 4.5 0.962 0.569 0.206 0.084 0.166 14.640 518.6 21.440 590.9
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Table XIX. Stator G Vector Diagram Calculation Results

SI (Metric) Units

1

-3
@  Equivalent Rotor Speed = 11596 rpm Equivalent Weight Flow = 16.72 kg/sec —_—
Percent Span
From Tip
Leading Trailing Vle Vzle v fle ale vte * zte hi ote ate =
Edge Edge (m/sec) (m/sec) (m/sec) (deg) (m/sec) (m/sec) (m/sec) (deg) (deg) fro- i
Hub 94.4 94,5 297. 2 190.0 228.6 50.27 184.6 175.3 57.9 18.26 -0.47
88.9 89.0 295.6 192.0 224.7 49.49 189.8 180.4 59.2 18.17 -0.92
78.0 78.2 287.0 194.9 210.7 47.23 192,0 182, 8 58.9 17.88 -1,.80
62.3 62,6 274.0 192, 7 194.8 45.31 188.2 179.3 57.5 17.78 -3.03
47.1 47.4 266.0 187.3 188.9 45.24 185.7 176.9 56.7 17.76 -4.19
32,5 32,7 257.8 179. 7 184.8 45.80 178.4 169. 8 54.8 17.90 -5.27
18.3 18.4 252, 0 168, 7 187.2 47.98 171.3 162, 2 55.2 18,80 -6. 29
9.0 8.1 244,2 156.0 187.9 50.30 162.5 153.1 54.3 19.48 -6,94
Tip 4.5 4.6 238.8 148,17 186.9 51.49 157.1 147.9 53.0 19.72 -7.26
Percent Span
From Tip
Leading Trailing M Loss Momentum Thickness pte
Edge Edge le D @ Parameter Parameter (N/ecm2)
Hub 94.4 94.5 0.871 0.587 0.152 0. 066 0.145 15. 11
88.9 89.0 0. 866 0.562 0.128 0. 056 0.121 15. 29
78.0 78.2 0.842 0.529 0. 089 0. 040 0.079 15. 40
62.3 62.6 0. 803 0.507 0. 052 0. 025 0. 045 15. 33 et
47.1 47.4 0.778 0.501 0. 039 0.019 0.035 15.27
32.5 32.7 0.751 0.517 0. 047 0.024 0. 044 15. 06
18.3 18.4 0.731 0.544 0.073 0.038 0.077 14.85
9.0 9.1 0.705 0.572 0. 078 0.041 0. 090 14,62
Tip 4.5 4.6 0.688  0.588  0.076 0.041 0.092 14.48 s




Table XIX. Stator G Vector Diagram Calculation Results

U.S. Customary Units

Equivalent Rotor Speed = 11596 rpm Equivalent Weight Flow = 36. 86 1b/sec
Percent Span
From Tip ,
Leading  Trailing " Vie Vale Vohle ble Vie Vate Vote bte a
Edge Edge (ft/sec) (ft/sec) (ft/sec) (deg) (ft/sec) (ft/sec) (ft/sec) (deg) (deg)
Hub 94.4 94.5 975.1 623. 2 750.0 50.27 605.7 575.2 189.8 18. 26 -0.47
88.9 89.0 969. 7 630.0 737.2 49.49 622.8 591.7 194, 2 18.17 -0.92
78.0C 78.2 941.7 639.5 691.3 47.23 630.0 599. 6 193.4 17.88 -1.80
62.3 62,6 898.9 632, 1 639.1 45.31 617.6 588, 1 188.6 17.78 =3.03
47.1 47.4 872,17 614.5 619.7 45.24 609.3 580.3 185.9 17.76 -4,19
32.5 32.7 845.8 589.7 606.3 45.80 585.4 557.1 179.9 17.90 =5.27
18.3 18.4 826. 8 553.4 614.2 47.98 561.9 532.0 181.1 18.80 -6. 29
9.0 9.1 801.2 511.7 616.5 50.30 533.0 502.4 178.1 19. 48 -6. 94
Tip 4.5 4.6 783.5 487.9 613.1 51.49 515.3 485.1 173.8 19.72 -7.26
Percent Span
From Tip
Leading  Trailing M . Loss Momentum Thickness Fte
Edge Edge le D W Parameter Parameter (psia)
Hub 94.4 94.5 0.871 0. 587 0.152 0.066 0.145 21.92
88.9 89.0 0. 866 0.562 0,128 0. 056 0.121 22,17
78.0 78.2 0. 842 0.529 0. 089 0. 040 0.079 22,33
62.3 62,6 0.803 0.507 0. 052 0. 025 0. 045 22,23
47.1 47.4 0. 778 0.501 0. 039 0.019 0.035 22,14
32.5 32.7 0. 751 0.517 0. 047 0.024 0. 044 21.84
- 18.3 18.4 0.731 0. 544 0.073 0.038 0.077 21,54
= 9.0 9.1 0. 705 0.572 0.078 0.041 0. 090 21.20
Tip 4.5 4.6 0. 688 0.588 0.076 0. 041 0. 092 21.00




As for Stage F, the first step in selecting the actual airfoil shapes was to
calculate the two-dimensional turning that combines with axial velocity ratio and
secondary flow effects to produce the desired blade row exit conditions. This
procedure is outlined in Reference 4. The two-dimensinnal turning was then
used to calculate incidence and camber angles. Incidence angles were based on
the data from References 5 through 11, Deviation angles were calculated using
Carter's rule modified to account for the chordwise distance to the maximum
camber point.

The transition point from one circular arc section to the other was selected
to be 2% of chord downstream of the calculated suction surface shock location, and
the maximum thickness point was positioned at 50% chord. The ratio of front-
camber to total camber was chosen to minimize the shock strength and thereby
losses without causing excessive turning, i.e., high losses, in the rear portion
of the airfoil.

Knowing the front and total camber, transition point location, maximum
thickness, location of maximum thickness, total chord, incidence angle, deviation
angle and total turning, an existing computer program was used to complete the
airfoil shapes for thirteen sections between the hub and tip. Each section was
on a conic surface that approximated design streamlines of revolution. The
resulting metal geometries for Rotor G and Stator G are summarized in tables XXI
and XXII, respectively. The spanwise distributions of front and total camber,
front and total chord, and maximum camber point are presented in figures 79
through 82 for both the rotor and stator.

For manufacturing purposes, the rotor and stator airfoil coordinates were
redefined on planes tangent to cylindrical surfaces normal to a radial line, i.e.,
the stacking line, using the procedure presented in Reference 2. The airfoil
sections were positioned such that the stacking line passed through the center of
gravity of each section. Coordinates for the redefined sections are given in
tables A-5 through A-8 of Appendix A, Volume II. Photographs of the airfoils
are shown in figure 83.

Table XX. Stage G Inlet Guide Vane Geometry Data

Airfoil: NACA 63 (C1,A4Kg) 06 No. of Vanes: 42 Average Chord
Percent Span Length: 31. 886 cm
from Tip (1.530 in.)
Leading Trailing

Edge Edge Kie Kie ¢ r e tle
Hub 94,1 94,2 -16.08 19,78 =35.86 12,17 1.213 0.06
88.3 88.4 -16.38 20.08 -36.46 12.33 1.188 0.06
77.2 77.3 -17.12 20.68 =37.80 12.62 1.143 0.06
61.2 61.3 -18.11 21.54 =-39.65 13.06 1.084 0.06
46.0 46.2 -19.03 22,36 =-41.39 13.41 1.033 0.06
31.5 31.7 -19.88 23.14 -43.02 13.85 0.989 0.06
17.7 17.8 -20.66 23.89 -44.55 14.22 0.949 0.06
8.7 8.8 -21.14 -24.36 -45.50 14.46 0.926 0.06
Tip 4,3 4.4 -21,38 =-24,60 -45.98 14.57 0.915 0.06




Table XXI. Rotor G Geometry Data

Airfoil: Multiple Circular Arc No. of Blades: 32 Average Chord Length: 5.885 cm (2.317 in.)
Percent Span
From Tip
Leading Trailing : LER/TER
Edge Edge Kle K te o ¢ bg/b a/b c/b cm in.
Hub 94.3 94.4 47.90 -11,21 ' 59.11 10. 00 0.344 0.531 0.500 0.0246  (0.0097)
88.7 88.9 48.08 =~ 7.60 55.68 9.51 0. 358 0.536 0.500 0. 0241 (0. 0095)
2.7 78.0 48,42 0. 96 47.47 8. 62 0. 386 0.543 0.500 0. 0231 (0. 0091)
61.9 62. 3 48.99 10.69 38.30 7.55 0.419 0.555 0.500 0.0213 (0. 0084)
46.8 47.1 49,72 15.75 33.97 6.50 0.455 0.569 0.500 0.0198 (0. 0078)
32,2 32.5 50.52 19. 77 30.75 5.95 0.490 0.588 0.500 0.0183 (0. 0072)
18.1 18.3 51.89 20. 53 31.36 5.50 0.526 0.310 0.500 0.0170  (0.0067)
8.9 9.0 53.35 20, 66 32,69 5.65 0.552 0.624 0.500 0.0163  (0.0064)
Tip 4.4 4.5 54.16 21,23 32,93 5.88 0.559 0. 629 0.500 0. 0157 (0. 0062)
Percent Span
From Tip
Leading Trailing
Edge Edge o t/b 5° im ls s b o
Hub 94.3 94.4 1.408 0.0632 20.07 1.87 -4.05 22,83
88.7 88.9 1.387 0.0615 18.56 2.23 -3.58 24,98
77.7 78.0 1.346 0.0582 15.72 2,90 -2,62 29,91
61.9 62.3 1.293 0.0534 13.06 3.81 | =-1,32 34,89
46.8 47.1 1.246 0.0489 12,53 4,44 -0.24 38.24
32,2 32,5 1.203 0.0446 12.75 4,92 0.60 40,75
18.1 18.3 1.164 0.0404 15.27 4,72 0.86 43.05
8.9 9.0 1.140 0.0376 18.51 4,01 0. 42 45.28
Tip 4.4 4.5 1.129 0.0363 20.19 3.58 0.09 47.06
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Table XXII, Stator G Geometry Data

(=
(e o}
©  Airfoil: Multiple Circular Arc No. of Stators: 36 Average Chord Length: 5.151 ¢m (2.028 in.) TR
Percent Span
From Tip
Leading Trailing LER/TER
Edge Edge K le X te ¢ ¢ bg/b a/b c/b cm in. g
Hub 94.4 94.5 44,45 -9.13 53.58 9. 98 0.464 0.582 0.500 0.0157  (0.0062)
88.9 89.0 44,31 ~7.68 51.99 9.51 0.448 0.575 0.500 0.0165  (0.0064)
78.0 78.2 42,42 ~-3.54 45,96 8.65 0.404 0.556 0.500 0.0170 (V. 00867)
62.3 62. 6 40.75 0.73 40.03 7.54 0. 347 0.534 0.500 0.0183  (0.0072)
47.1 47.4 41.04 1.74 39.30 6. 62 0.308 0.526 0.500 0.0198  (0.0078) G
32.5 32,7 42,04 1. 40 40.64 5.95 0.274 0.516 0.500 0.0213  (0.0084)
18.3 18.4 44.60 0.89 43.71 5.50 0.247 0.517 0.500 0.0231  (0.0091)
9.0 9.1 46,45 1.43 45.02 5.67 0.217 0.512 0.500 0.0241  (0.0095)
Tip 4.5 4.6 47.02 2.27 44,76 5.92 0.202 0.510 0.500 0.0246  (0.0097)
Percent Span
From Tip
Leading Trailing
Edge Edge o t/b 5 im i 01
Hub 94.4 94.5 1.389 0.0511 27.39 5.82 0.50 25.95
88.9 89.0 1.371 0.0523  25.85 5.18 0.16 25.79
78.0 78.2 1.337 0.0543 21.42 4,81 -0.32 24,79
62.3 62.6 1.290 0.0575 17.06 4.56 -0, 91 24.06 L
47.1 47.4 1.247 0. 0605 16.03 4.20 -1.46 23.85
32.5 32,7 1.223 0.0635 16.50 3.76 -2.18 24,04
18.3 18.4 1,173 0.0663 17.91 3.38 -2.80 25.76
9.0 9.1 1.151 0.0682 18,09 3.86 -2.49 26.77
Tip 4.5 4.6 1.141 0.0691 17.45 4.46 -2,01 27.27

---sMizwwd‘dwisi»




|

Figure 77. Design Loss Profiles for Stage G Inlet
Guide Vane, Rotor and Stator
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Definitions

Maximum Camber Position, cm (in.)

Maximum Thickness Position, cm (in.)

Chord Length, cm (in.)

Front Chord Length, cm (in.)

Incidence Angle, deg

Incidence Angle - Suction Surface - Leading Edge, deg
Leading Edge Radius, cm (in.)

Maximum Thickness, cm (in.)

Trailing Edge Radius, cm (in.)

Air Angle - Leading Edge, deg

Air Angle - Trailing Edge, deg

Chord Angle, deg

Deviation Angle, deg

Metal Angle, Leading Edge, deg

Metal Angle, Trailing Edge, deg

Metal Angle - Suction Surface - Leading Edge, deg
Camber, deg

Front Camber, deg

Multiple Circular-Arc Airfoil Definitions FD 97770




183

DF 102265

tion

Figure 79. Rotor G Front and Total Camber Distribu~
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Distribution of Front-to-Total Chord for Rotor G and Stator G

Figure 81,




| ol isirbutiite
2
g o
G g 5
i ;
i ¥
0.3 5 0.3
g g
§ i
: 02l 5 0.2
5 1,
. 0 B
0 20 40 60 80 190 i 9 20 40 60 80 100
Te.. Percent Span Hub T hreent Span Hub

Figure 82. Distribution of Maximum Camber Point for Rotor G and Stator G DF 102268




Figure 83. Rotor G and Stator G ~ Tip Section View FD 84734
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Test Equipment

Compressor Test Facility

The compressor test facility utilized for the Stage G test program was the
same as that used for Stage F (Task IV); an elevation view of this facility is
shown in figure 20. A brief description of the major components of the facility
is included in Part L.

Compressor Test Rig

The general configuration of the Stage G test rig is shown in figure 84,
With the exception of the outer flowpath wall, the rig was the same as that used
for Task IV; a brief description of the rig is included in Part I. The specific
flowpath for Stage G is presented in figure 85.

The Stage G hub/tip ratio was 0.772 at the rotor inlet, The test section
has a constant inner wall diameter of 0,419 m (16.50 in.) and a convergent
outer wall with diameters ranging from 0.649 m (25.560 in, ) at the base grate
screen (Station 0) to 0,512 m (20. 163 in,) at the stator exit instrumentation
station (Station 4). Approximately 18 deg of rotor preswirl was provided by the
IGV; similarly, stage exit air angle was 18 deg from axial.

Instrumentation

Stage G was instrumented to provide overall and blade element performance
data for each blade and vane row. The specific location and type of all instru-
mentation is presented in figure 86 and summarized by axial station in table XXIII,
Wherever possible, redundant mcasurements were made by using duplicate in-
strumentation.

Compressor airflow and rotor speed were measured as in Task IV, Inlet
total temperature and total pressure were measured in the plenum hy a Rosemount
precision platinum resistance temperature probe and four fixed, single Kiel head
total pressure probes, respectively., Four equally spaced static pressure orifices
were located on the inner wall upstream of the inlet guide vane (Station 1B)., Radial
distribution of total pressure at Station 1A was measured by two fixed, four-sensor
Kiel head total pressure rakes.

Radial distributions of total pressure and air angle were measured down-
stream of the inlet guide vane (Station 2) with two, five-sensor Kiel head total
pressure circumferential traverse rakes (at centers of equal areas) and two
30-deg radial traverse wedge probes, respectively. Four equally spaced outer
wall and two equally spaced inner wall static pressure orifices were located at
Station 2; two of the outer and inner wall orifices were at mid-channel with the
other two outer wall orifices downstream of the inlet guide vane trailing edge.

Radial distributions of total pressure/temperature and static pressure/air
angle were measured at the rotor exit (Station 3) by means of a single Kiel head
and 30-deg wedge traverse probes, respectively. Five outer wall static pres-
sure orifices were located at Station 3 (two at 11% gap and one each at 7, 25, and
57% gap).
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Radial distributions of total pressure/temperature and air angle were
measured downstream of the stator (Station 4) by four, five-sensor Kiel head cir-
cumferential traverse rakes and two 30 deg wedge traverse probes, respectively.
Six outer wall static pressure orifices were located at Station 4 (four at mid-gap
and one each at 5 and 95% gap). Two of the five-sensor rakes were positioned
1.532 em (0, 603 in, ) downstream of stator trailing edge (Station 4A), while the
other two were 2,771 cm (1, 091 in, ) downstream (Station 4B).
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Tabie XXIII. Instrumentation Summary for Stage G

Total
No. of Total Air Static Tempera-  Radial
Axial Location Type of Instrumentation Probes Pressure Angle Pressure ture Travel
Inlet Duct ASME Orifice Wall Static 2 2
Wall Static 2 A2
Plenum Rosemount Temperature
Probe 1 1
*Kiel Probe 4 4
IGV Inlet - Upstream *4 Sensor Radial Rake 2 8
(Instrumentation Station 1A)
IGV Inlet - Downstream *ID Wall Static 4 4
(Instrumentation Station 1B)
IGV Exit - Rotor Iniet 30-deg Wedge (Traverse) 2
(Instrumentation Station 2) 5 Sensor Radial Rake 2 2
*OD Wall Static R R
*ID Wall Static 2 2
Rotor Exit - Stator Inlet Single Kiel Probe (Traverse) 1 1 1
(Instrumentation Station 3) 30-deg Wedge {(Traverse) 1 1
*9D Wall Static 5 5
Stator-Stage Exit (Upstream) 5 Sensor Radial Rake 2 2 2
(nstrumentation Station 4A)
Stator-Stage Exit (Down-
streain) 5 Sensor Radial Rake 4 20 20
(nstrumentation Station 4B) 30-deg Wedge (Traverse) 2
*0OD Wall Static 6 6

*Indicates instrumentation connected to Scanivalve Transducer
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Roller Bearing
Drive Shaft

Slip Ring Assembly

Inlet Support i
Strut (8) Ball Bearing

Radial Diffuser Assy
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Rear Mount Flange

Bellmouth
Support Screen

Bellmouth

Inlet Guide Vane (42)

Traverse Ring
Low Aspect Ratio Rotor (32)

Low Aspect Ratio Stator (36)

Shdmg Sleeve
Discharge Valve Assy
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Diffuser Case
Traverse Ring
Tie Bolt (12)

Figure 84, Single Stage Drum Rotor Cantilevered Stator Compressor Rig - Stage G Configuration FD 78416
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Instrumentation Stations

1
I L

Reference ? i
Plane and Support Inlet Rotors Stators - |
Support  Struts Guide (32) (36) 1
g Screen (8) Vanes
(42)

Axial Distance
Inner Wall Outer Wall from
Flowpath Location Description Diameter _Diameter Reference Plane
Location cm in. i in, cm in.

A Base Grate Screen 41.950 | 16.500 | 64.922 | 25.560 0 0

B Support Strut Leading Edge 41.950 | 16.500 | 64.922 | 25.560 5.821 2.292
' s Support Strut Trailing Edge 41,950 | 16.500 | 64.922 | 25.560 | 13.441 | 5.292
! D Instrumentation Station 1A 41.950 | 16.500 | 61.341 | 24.150 | 27.152 | 10.690
! E Instrumentation Station 1B 41,950 | 16.500 | 59.324 | 23.356 | 33.830 | 13.319 |
P Inlet Guide Vane Leading Edge 41,950 | 16.500 | 58.090 | 22.870 | 37.922 | 14.930 |
; G Inlet Guide Vane Stacking Line 41,950 | 16.500 | 57.556 | 22.660 | 39.649 | 15.610 |
H Inlet Guide Vane Trailing Edge 41.950 | 16.500 | 56.947 | 22.420 | 41.630 | 16.390 |
! | Instrumentation Station 2 41.950 | 16.500 | 55.753 | 21.950 | 45.997 | 18.109 i
| J Rotor Hub Leading Edge 41.950 | 16.500 - - 51.069 | 20.106 I
| K Rotor Tip Leading Edge - - 54.244 | 21.356 | 51.727 | 20.365
L Rotor Stacking Line 41,950 | 16.500 | 53.802 | 21.182 | 53.573 | 21.092 ‘

M Rotor Tip Trailing Edge - - 53.223 | 20.954 | 55.821 | 21.977 :

N Rator Hub Trailing Edge 41.950 | 16.500 - - 56.553 | 22.265 = ’
0 Instrumentation Station 3 41.950 | 16.500 | 53.005 | 20.868 | 56.672 | 22.312
{ P Stator Hub Leading Edge 41.950 | 16.500 - - 56.883 | 22.395
Q Stator Tip Leading Edge - - 52.946 | 20.845 | 56.883 | 22.395
{ R Stator Stacking Line 41.950 | 16.500 | 52.400 | 20.630 | 59.004 | 23.230 =
S Stator Hub Trailing Edge 41.950 | 16.500 — - 61.521 | 24.221
: Stator Tip Trailing Edge - - 51.763 | 20.375 | 61.483 | 24.202
U Instrumentation Station 4A 41.950 | 16.500 | 51.284 | 20.192 | 63.789 | 25.114
Vv Instrumentation Station 4B 41.950 | 16.500 | 51.214 | 20.163 | 65.029 | 25.602

¥igure 85. Stage G Flowpath Dimensions FD 97771
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Instrumentation Station Number
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175930
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Direction < > 3030
of 0-360 ‘oo 8 Qo 00
Rotor -3 5312030
Rotation -
5 b 2870 288039’
W £ M1 285026
282013’
2710 275930
270 ‘2700 2700
261930 2700
216° 1
225 — 202030 O
? 1185030' e
5]
86 ‘1800 4180 51800
Rotor Stator Stator
Inlet Inlet Exit
Symbols Description
@) OD Wall Static Pressure Orifice
& ID Wall Static Pressure Orifice
AN 30 deg Wedge Air Angle/Static Pressure Traverse Probe
A 30 deg Wedge Air Angle Traverse Probe
v Total Pressure Probe (18.9, 42.1, 65.2, and 88.4% Spans)
O Total Pressure Probe, Circumferentially Traversed Through
22 deg Arc (8.8, 27.2, 46.4, 66.8, and 88.5% Spans)
O Total Pressure/Temperature Probe Circumferentially
Traversed Through 16 deg Arc (9.1, 28.0, 47.5, 67.8
and 89.0% Spans)
= Total Pressure/Temperature Probe Circumferentially
Traversed Through 16 deg Arc (9.0, 27.4, 46.5, 66.1,
and 86.7% Spans)
Q Total Pressure/Temperature Traverse Probe - Single Sensor
O Speed Sensor
Figure 86. mnstrumentation Layout for Stage G FD 97772
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Procedures

Test Procedures

Performance Tests - Overall performance, blade element, and surge transient
data were obtained at 70, 85, 95, and 100% design equivalent rotor speed with
uniform inlet flow. Seven data points (defined as a combination of flow and speed)
were recorded for 95 and 100% of design equivalent rotor speed, and six data points
were recorded for 70 and 85% of design equivalent rotor speed to define the stage
performance between maximum flow and near surge. No distorted inlet flow
testing was performed with this stage.

Each data point consisted of sequentially recording fixed instrumentation
data, circumferential traverse data, and radial traverse data. Blade stresses
and rig vibration levels were continuously monitored during steady-state and
surge transient operating conditions.

Performance during surge transient conditions was defined from data
recorded at 10 times per second as the rig was operated in and out of surge.

Data Reduction Procedures

A total of four computer programs were used to reduce the Stage G data.
The first program: (1) converted the millivolt data to appropriate engineering
units; (2) converted the data to absolute values; and (3) applied the appropriate
Mach number corrections. A separate subroutine was used to process all
steady-state data from the pneumatic pressure scanner, perform preliminary
averaging calculations, and provide an instrumentation error analysis.

The second program circumferentially mass averaged the total pressure
and temperature data at five radial locations to provide radial distributions of
total pressure at the guide vane exit and total pressure, total temperature at the
stator exit.

The third program used continuity, energy, and radial equilibrium equations
to calculate rotor and stator exit static pressure and rotor exit air angle distribu-
tions. The required program input was compressor geometry, airflow, speed,
IGV and rotor inlet total pressure and air angle, rotor exit total pressure and
temperature, and stator exit total pressure and air angle. Rotor exit total pres-
sure profiles were obtained in the same manner as for Stage F, (see page 49).
The measured rotor exit total pressure was not used because the rotor had been
locally back pressured by its proximity to the instrumentation. An axial, one-
dimensional blockage distribution was used to achieve agreement between the
measured outer wall static and calculated pressures at the rotor and stator
exits. This calculation provided the input for the fourth and final data reduction
step.

The fourth program calculated blade element performance variables for
the inlet guide vane, rotor, and stator. Radial distributions of total and static
pressures, total temperatures, and air angles as determined in the previous steps
were input at each axial station.
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Overall Performance

Total pressure ratios and adiabatic efficiencies were calculated for the
rotor, rotor-stator, and inlet guide vane-rotor-stator, i.e., stage. The inlet
guide vane, rotor and stator exit total pressures and total temperatures were
weighted according to local mass flow to obtain average values, This calcula-
tion procedure was described in Part I. The mass-averaged stator exit total
temperatures were used for rotor, rotor-stator, and stage efficiency calculations.

Blade Element Performance and Flow Distribution Data

i Blade element performance calculations were made along design stream-

; lines that pass through 10, 30, 50, 70 and 90% span at the rotor exit station,

; The calculations were performed at the instrumentation stations and at the inlet

~ guide vane, rotor and stator leading and trailing edges. The pressures, tem-
peratures, and air angles at the blade row leading and trailing edges were ob~

- tained by translating the measured values from the instrumentation stations
assuming conservation of angular momentum, conservation of energy, continuity,

[ and flow along design streamlines. A description of the translation method is

3 presented in Reference 3.

Surge Transient Data

The point of incipient surge was determined from examination of the orifice
pressure drop, plenum pressure, bellmouth pressure and rotor exit pressure
data that were recorded at 10 scans per second. Orifice pressure drop was
determined at the incipient surge point, and the corresponding weight flow was
determined from the correlation of orifice pressure drop and orifice weight flow
shown in figure 87. The steady-state pressure ratio data were extrapolated to the
stall flow using the shape of the steady-state data curve as a guideline. Incipient
: stall points were determined in this manner for each rotor speed.
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Presentation of Data
Overall Performance

Overall performance data are presented in terms of total pressure ratio
and adiabatic efficiency as functions of equivalent weight flow for 70, 85, 95
and 100% design equivalent rotor speed for the rotor, rotor-stator, and inlet
guide vane-rotor-stator, i.e., stage, in figures 88, 89, and 90, respectively.
The dashed stall line in each of these figures passes through surge points deter-
mined from the transient data. Pressure ratio, adiabatic efficiency, and poly-
tropic efficiency fr the rotor, rotor-stator, and stage are also tabulated for
the steady-state data points in table XXIV and repeated in Appendix C, Volume IIL

Based on a curve faired through the data points, the rotor achieved an
adiabatic efficiency of 89.9% and a total pressure ratio of 1. 640 at design equiva-
lent rotor speed and flow. At the same flow and rotor speed, the rotor-stator
achieved an adiabatic efficiency of 83.5% and a total pressure ratio of 1,587, and
the stage achieved an adiabatic efficiency of 83.0% and a total pressure ratio of
1.580, At design equivalent rotor speed, rotor, rotor-stator, and stage peak
adiabatic efficiencies of 90.0, 84.7, and 84.1%, respectively, were reached at
approximately 101.4, 105.8, and 105.3% design equivalent flow. Corresponding
surge margins were 11,9, 16.1, and 16.5%.

Blade Element Performance and Flow Distribution Data

As discussed on page 50, the blade element performance data were cal-
culated for the instrumentation stations and for the IGV, rotor and stator leading
and trailing edges. Table C-2 of Appendix C, Volume II presents instrumentation
station data for the near design point and is included only to illustrate the dif-
ference at the near design point between values calculated from the data at these
locations and those that have been translated to the blade row leading and trailing
edges. The differences are small except for the values translated to the IGV
trailing edge and the rotor leading edge. These differences are caused by the
convergence of the OD wall between the IGV and rotor (reduction of approximately
18% in annulus area). Only the translated values are given in tables C-3 and C-4
of Appendix C, Volume II for the remaining compressor test points. The plotted
results discussed for the rotor and stator in the following paragraphs are based
on the translated data.

Inlet Guide Vane Blade Element Performance - The inlet guide vane exit air angle
distribution is presented in figure 91 for the data point closest to design speed

and flow. Air angle dzta obtained with the two 30-deg wedge probes are compared
to the predicted exit air angle profile. In general, the air angles measured with
the two probes agree closely with a maximum difference of approximately one deg.
The average of the measured air angles agrees within 1.5 deg of the predicted air
angle across the span except at the tip where the difference increases to approxi-
mately 2 deg.
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%tor Blade Element Peﬁo%ce - Rotor diffusion factor, deviation angle, and
ss coefficient are shown as functions of incidence angle in figures 92a through
92e. At the design incidence angle and rotor speed, the loss coefficient was
approximately equal to the predicted value across the span, except at the hub |
(90% span) where losses were above the predicted level. Except at 30% span, {
the deviation angles were greater than the predicted level, especially at the tip
(approximately 11 deg). The diffusion factors were approximately the same as
the predicted values across the span.

Loss parameter versus diffusion factor is presented in figures 93a through
93e for 10, 30, 50, 70, and 90% span, respectively. The predicted value and the
data point corresponding to the minimum loss coefficient at design equivalent
rotor speed are shown in each figure. The minimum loss data point was selected
as that data point closest to the center of the low loss region of the loss versus
incidence profile. A comparison of the minimum loss data with the predicted
: values indicates that Rotor G operated at a lower diffusion factor, lower loss
3 than predicted from 10 through 30% span, at a slightly higher diffusion factor,

_ lower loss from 50 through 70% span, and at a higher diffusion factor, higher
loss at 90% span.
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Stator Blade Element Performance - Stator diffusion factor, deviation angle, and

: loss coefficient are presented as functions of incidence angle in figures 94a through
94e. At design incidence angle and rotor speed, the loss coefficient was approxi-
mately the same as the predicted value from 10 through 30% span, slightly above

: from 50 through 70% span, and slightly less at 90% span. Deviation angles, at

i design incidence, were one to two degrees less than the predicted value from

: 10 through 50% span, approximately equal at 70% span, and approximately three
to four degrees more at 90% span. Diffusion factors were slightly less than the
predicted values across the span.

Loss parameter versus diffusion factor is shown in figures 95a through 95e
for 10, 30, 50, 70, and 90% spans, respectively. The predicted value and the
data point corresponding to the minimum loss coefficient at design equivalent
rotor speed are shown on each figure. A comparison of the minimum loss data
with the predicted values indicates that Stator G operated at a lower diffusion
factor than predicted. The loss was lower than predicted at both the hub and tip,
but higher across the mid-span region of the vane.

Wall Static Pressure - The wall static pressure data at instrumentation stations 3
and 4 were examined to determine if circumferential gradients with respect to the
stator vanes were significant. As with Stage F, the variations in static pressure
at different circumferential locations, at approximately the same location relative
to the stator vane, were small compared to the variations that existed within one
stator vane gap. It was concluded that no significant circumferential variation
existed but that there was substantial gap-wise variation in the data, This gap-
wise variation was present at all speeds as was the case with Stage F. As an
example, this variation is illustrated in figure 96 for the design equivalent flow
and speed data point.

.
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Summary

At design equivalent rotor speed and flow, the rotor achieved an adiabatic
efficiency of 89.9% at a pressure ratio of 1. 640. Similarly, the rotor-stator
achieved an adiabatic efficiency of 83.5% at a pressure ratio of 1.585 as com~
pared to a design efficiency and pressure ratio of 84, 14% and 1. 604, respectively.
At design equivalent rotor speed, the rotor and rotor-stator peak adiabatic
efficiencies were 90,0 and 84.7%, respectively, occurring at 101,4 and 105, 8%
design equivalent flow,
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Table XXIV, Overall Performance of Stage G

Uniform Inlet
(IGV Inlet)
Equivalent L &
Weight Flow — Rotor .__l:o_tgg;_m_ I-GV_ Rotor - Stator
kg/sec Ib/sec  Pg/Py 1.4 np Py/Py maq p Py/P; TMaq np
100% Design Equivalent Rotor Speed
18.27 40.29 1.413 0.774 0.785 1.360 0.685 0.698 1.353 0.674 0.686
17.96  39.59 1.575 0.888 0.896 1.542 0,843 0.853 1.533 0.833 0.842
17.56 38.72 1.606 0.891 0.900 1.571 0.847 0.858 1,564 0.840 0,850
16.98 37.43 1.629 0.894 0.902 1.587 0.842 0.853 1,580 0.835 0.845
16.43 36.23 1.648 0.902 0.910 1.585 0.828 0.839 1.579 0.821 0.832
15.70 34.62 1.666 0.889 0.899 1.585 0,797 0.811 1.578 0.790 0.803
15.38 33.92 1.676 0.884 0.893 1.584¢ 0,782 0.796 1.579 0.776 0.790
95% Design Equivalent Rotor Speed
17.95 39.58 1.382 0.799 0.809 1.338 0.717 0.728 1.332 0.705 0.717
17.79 39,23 1.475 0.870 0.879 1.449 0.829 0.839 1.441 0.817 0.826
17.53 38.64 1.511 0,900 0.906 1.484 0.858 0.866 1.477 0.848 0.856
16.91 37.27 1.550 0.909 0,915 1.511 0.853 0.862 1.503 0.842 0.850
16.35 36.04 1.576 0.904 0.911 1.529 0.841 0.852 1.522 0.853 0,842
15.77 34.76 1.585 0.902 0.909 1.530 0.828 0.839 1.524 0.821 0.831
15.38 33.90 1.597 0.902 0.911 1.527 0,811 0.823 1.522 0.806 0.817
85% Design Equivalent Rotor Speed
17.09 37.68 1.308 0.816 0.823 1.289 0.769 0.778 1.282 0.752 0.761
16.83 37.11 1.364 0.899 0.905 1.344 0.854 0.861 1.338 0.843 0.848
16.07 35.44 1.386 0.915 0.921 1.366 0.873 0.880 1.358 0.857 0.863
15.40 33,96 1.405 0.912 0.915 1.383 0.867 0.873 1,378 0.858 0.863
14.69 32.38 1.426 0.907 0.911 1.400 0.857 0.864 1.396 0.849 0.857
13.92 30.70 1.441 0.893 0.899 1.408 0.833 0.842 1.403 0.825 0.833
70% Design Equivalent Rotor Speed
15.08 33.24 1.223 0.887 0.890 1,213 0.849 0.853 1.208 0.831 0.835
14.42 31.78 1.239 0.917 0.920 1.225 0.866 0.872 1.220 0.848 0.854
13.74 30.29 1.245 0,909 0,913 1.235 0.877 0,879 1.231 0.863 0.866
13.01 28.68 1.261 0.900 0.905 1.250 0.867 0.871 1.246 0.855 0.858
12,30 27.12 1.275 0.900 0,904 1.262 0.861 0.866 1.258 0.849 0.854
11.38 25.10 1.292 0.896 0,899 1.270 0.832 0.839 1.266 0.820 0.828
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PART III
COMPARISON OF STAGES F AND G
A comparison of the design point performance for Stage F with circular-arc

blading and the performance goal of Stage G with multiple circular-arc blading is
presented in table XXV,

Table XXV. Comparison of Stage F Design Point Performance
and Stage G Performance Goal

Design Point Performance Goal

Parameter Stage F Stage G
Flow, WV@/5 , kg/sec (lb/sec) 17.11 (37.73) 16.72 (36. 86)
Speed, N/\/6, rpm 9, 936 11,529
Inlet Hub/Tip Ratio 0.766 0.772
Pressure Ratio, Rotor 1,614 1. 657
Pressure Ratio, Rotor-Stator 1.565 1.604
Efficiency, Adiabatic, Rotor 94.5 90.6
Efficiency, Adiabatic, Rotor-Stator 87.8 84.14
Utip/\/8, m/sec (ft/sec) 285 (934) 327 (1074)
Ro&r Tip Leading Edge Diameter, cm (in.) 54.480 (21.449) 54,244 (21.356)
Aspect Ratio, Rotor 0.90 1.00
Aspect Ratio, Stator 0.90 1.00
Solidity, Rotor 1.36 1.250
Solidity, Stator 1.39 1,248
Diffusion Factor, Rotor 0.60 0.68
Diffusion Factor, Stator 0.58 0.54
Chord, Rotor, cm (in.) ~ 6.632 (2,611) 5.885 (2.317)
Chord, Stator, e¢m (in.) 5,738 (2.259) 5.151 (2.028)

A comparison of the overall performance of Stage F and Stage G is given
in figures 97 through 99 for rotor, rotor-stator and inlet guide vane-rotor-
stator (stage), respectively. The comparison is made for uniform inlet flow
conditions only since Stage G was not tested with distorted inlet flow. Figures 97
through 99 show that both compressors have good flow range, i.e., the surge
margin at peak efficiency for design equivalent rotor speed for Rotor F. Stator F
and Rotor G-Stator G were 13.1 and 16.1%, respectively., The superior surge
margin of Stage G may be due to the steeper slope of its pressure ratio-flow
characteristic as opposed to that of Stage F which was flat and thus inherently
unstable.

In order to account for the rotor speed effects on efficiency and pressure
rise, the peak efficiencies of the two rotor-stators are presented versus rotor
tip relative inlet Mach number in figure 100, and the pressure rise at design
rotor speed has been normalized into a pressure coefficient versus flow coefficient
and is presented in figure 101, The corresponding values for the rotors are shown
in figures 102 and 103.
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Three observations can be made from the data shown in figures 100 through
103: First, the circular-arc blading had higher efficiency at Mach numbers up to
the transonic regime. Second, both airfoil shapes exhibit a substantial degrada-
tion in performance for Mach numbers in the transonic regime, i.e., the effi-
ciencies for Stages F and G are essentially the same at the higher Mach nuribers.
Third, the pressure rise coefficients for Rotor F-Stator F were substantially
higher than those of Rotor G-Stator G; this appears inconsistent when considering

the higher diffusion factors for Stage G but is the result of the higher Stage G
wheel speed.

Figure 104 compares the spanwise loss distribution of Rotor F to Rotor G
and Stator F to Stator G for peak efficiency at design rotor speed. At first glance
the similarity of the losses seems inconsistent with the 2. 0 percentage point
difference in efficiency between Rotor F-Stator F and Rotor G-Stator G at design
rotor speed. However, this is not the case since Stage G was operating at higher
inlet Mach numbers and thus would experience a higher loss in total pressure for
the same loss coefficient. Spanwise distributions of diffusion factor for Rotor F
and Rotor G, Stator F and Stator G are compared in figure 105 for the peak
efficiency points. These distributions show that Rotor F and Stator F achieved
higher diffusion factors than Rotor G and Stator G at all spanwise positions
except at 70% span where the diffusion factors were the same. The average of
the diffusion factors at 10, 30, 50, 70 and 90% spans for each blade row at peak
efficiency is given below; these values further illustrate the higher loading
levels achieved by the circular-arc blading.

Average Diffusion

Blade Row Factor
Rotor F 0. 646
Rotor G 0.590
Stator F 0,533
Stator G 0,510
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Conclusion

Two single-stage, axial-flow compressors were tested to evaluate the
effectiveness of long chord, low aspect ratio blading as a means of obtaining
higher stage loadings. One compressor was comprised of circular-arc blading,
designated Stage F, with an aspect ratio of 0.9 for both the rotor and stator.
This compressor was tested with uniform inlet, hub radial, tip radial, and cir-
cumferential inlet flow distortion. The second compressor was comprised of
multiple circular-arc blading, designated Stage G, with an aspect ratio of 1.0
for both the rotor and stator. The major results of this evaluation are sum-
marized below:
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Both stages operated at high loading levels with good efficiency
and operating range. The peak efficiencies and corresponding
average stage diffusion factors for Stages F and G were 86,4%
and 84, 1% and 0.59 and 0.55, respectively. The surge margins
at peak efficiency were 12,6% and 16.5% for Stages F and G,
respectively.

Stage F, comprised of circular-arc blading, achieved signifi-
cantly higher efficiencies than Stage G, which was comprised
of multiple circular-arc blading at inlet Mach numbers up to
the transonic regime.

Both the circular-arc and multiple circular-arc rotors exhibited
substantial degradation in efficiency at design rotor speed.

The multiple circular-arc rotor delayed the onset of the rapid
loss in efficiency with increasing Mach number to higher Mach
numbers.

The peak pressure rise coefficient for Stage F was approxi-
mately 30% higher than that of Stage G.

At peak efficiency, the Stage F diffusion factors were higher
than those of Stage G.
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APPENDIX A

DEFINITION OF SYMBOLS

Maximum camber point position, MCA airfoil, ecm (inches)
Inlet relative stagnation velocity of sound, m/sec (ft/sec)
Flowpath annular area, m2 (ft2)

Maximum thickness point position, MCA airfoil, cm (inches)
Chord Length, cm (inches)

Specific heat

Diameter, m (inches)

Diffusion factor

Double circular arc

Multiple of rotor frequency

Incidence parameter

Gravitational acceleration, 1,00 kg-m/N-sec?
(32.175 lby,~ft/Ibg-sec?)

High pressure compressor

Inner diameter, m (inches)

Inlet guide vane

Incidence angle, degree

Reduced velocity parameter
Notch factor

Leading edge radius, cm (inches)
Mach number

Multiple circular arc

Rotor speed, rpm

Outer diameter, m(inches)

Total pressure, N/cm?2 (psi)
Pressure ratio

Static pressure, N/cm?2 (psi)
Gas constant for air, 287.0 J/kg-°K (53. 34 ft=1bf/1b,~°R)
Radius, m (inches)

Stacking line

Blade maximum thickness, cm (inches)

Total temperature, °K (°R)
Static temperature, °K (°R)
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Subscripts

0
1
1A
1B

DEFINITION OF SYMBOLS (Continued)

Trailing edge radius, cm (inches)
Rotor speed, m/sec (ft/sec)
Velocity, m/sec (ft/sec)

Actual flowrate, Kg/sec (lby,/sec)

Cone angle (angle of plane tangent to conic surface that
approximates the design streamline of revolution), deg.

Air angle, degrees from axial direction
Ratio of specific heats
Blade~-chord angle, degree from axial direction

atio of total pressure to NASA standard sea level pressure
of 10,1315 N/cm2 (14,694 psia)

Deviation angle, degree
Efficiency

Ratio of total temperature to NASA standard sea level
temperature of 288, 17°K (518, 7°R)

Blade metal angle, degree from axial direction

Density, N/sec2/m? (lbg/sec?/ft%)

Solidity, chord divided by blade spacing (c/S)

Blade camber angle, x; - x9,degree or pressure rise coefficient
Frequency, Hertz

Loss coefficient

Loss parameter

Compressor inlet (bellmouth)

Inlet guide vane inlet - Stage F

Inlet guide vane inlet, Upstream - Stage G
Inlet guide vane inlet, Downstream - Stage G
Inlet guide vane exit/rotor inlet - Stage F and Stage G
Rotor exit/stator inlet - Stage F and Stage G
Stator exit - Stage F

Stator exit, upstream - Stage G

Stator exit, downstream - Stage G

Adiabatic

Bending

Front
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DEFINITION OF SYMBOLS (Continued)

id Isentropic condition
m Mean or mass

max Maximum

min Minimum

le Leading edge

P Polytropic

ref Minimum loss

R Rotor

s Static condition

ss Suction surface, leading edge
S Stator

t Torsional

te Trailing edge

tip Blade tip

z Axial component

Tangential component

Superscripts:

4 Related to rotor blade
- Mass average value
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APPENDIX B

DEFINITION OF VARIABLES

Incidence Angle:
Rotor: im= 82 = k2 Stator: iy = B3 - kg
Diffusion Factor:

Bolor: D= 1=l sl B o8

Vg (dy+dg)ov,

V. d.Vy,~-dV
Stator: D= 1-71-((,4 f: ) ‘3, 0§'
g Wy T Ugeiy
Deviation Angle:
Rotor: & = By~ xg Stator: & = f, = x,
Loss Coefficient:
P'z -P,
where:
¥ ¢
21|7=
P') =P 1+—-"'1—U23 it 1
(Pgg =Py 5|72 a,
og

P' is found from p/P' = [1 PR e | M'2] S

and M' is calculated using trigonometric functions and the measurements of U,
B, P, and p.

Stator: T = = p“
3 3
where:
P3 = stator exit average freestream total pressure from wake rakes
py = stator inlet static pressure calculated as described in data

reduction procedures - Part 1
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DEFINITION OF VARIABLES (Continued)
Equivalent Rotor Speed:

N/VE

Adiabatic Efficiency:
Y=-1

=L
(5 /P ) -1
3/ ¥
Rotor: =
ook (‘Ts/zsa.z)- 1

L |

s
(1’4/5 2 ) ok

Rotor - Stator: n =
ad (T4/288.2)- 1

T-1

7
(54/?1 L -1
IGV-Rotor-Stator, i.e., Stage: Nad =
(’1‘4/288.2)- 1

Polytropic efficiency:

L;'ll“(ia/i 2)
Rotor: n_ =

P 1n(T,/288.2)

-1, /=
2:110(5,/5,)

1n(?4/288 .2)

Rotor-Stator: np =

——-7; 1 ln(ﬁl/ﬁﬁ
IGV-Rotor-Stator, i.e., Stage: np - e—
in (T4/288.2)

Pressure Ratio:

Rotor:

ol |°;ul

n
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DEFINITION OF VARIABLES (Concluded)

=
Rotor-Stator: —
P

2 o —
Fe
IGV-Rotor-Stator, i.e., Stage: —
P
1
Equivalent Flow:
WV
o
Momentum Thickness Parameter:
ST
w'cos (3'3 cos {33
Rotor: 3o e B'z
= 2
w cos f cos f
4 4
Stator: g ( 208 7 )
3
Peak Efficiency Surge Margin:
ﬁ3 V?' —3 WVo
Rotor: — —— e -1
P B surge F § n
2 ad max
P P
Rotor-Stator: ||| =+ ) [ R 3
P surge P2 .4 max
Pressure Rise Coefficient:
Y=-1
— Y
P
=] -1
e F P
- P 2
Rotor, ¢R = Jge - >
m
I=1
—_ i
P
_—4 =1
Rotor-Stator, ¢R-S =dge >
Um

where T is NASA standard sea level temperature, i.e,, 288.17°K (518.7°R)

243




5.

10.

11.

244

REFERENCES

"Aerodynamic Design of Axial Flow Compressor,' (Revised), NASA
SP-36, 1965,

Brent, J. A., J. G. Cheatham, and D. R. Clemmons, "Single-Stage
Experimental Evaluation of Tandem-Airfoil Rotor and Stator Blading for
Compressors, Part V - Analysis and Design of Stages D and E," NASA
CR-121008, FR-5212, December 1972.

Brent, J. A., '"Single-Stage Experimental Evaluation of Tandem-Airfoil
Rotor and Stator Blading for Compressors, Part Il - Data and Perform-
ance for Stage A,' NASA CR-120804, PWA FR-4719, July 1972,

Steinolfson, R. S., Memo to B. A. Jones, ""Secondary Flow and Axial-
Velocity Ratio Corrections to 2-D Turning in Axial-Flow Compressor
Blade Rows, " 12 April 1971,

Schwenk, F. C., and G. W. Lewis, "Experimental Investigation of
Transonic Axial Flow Compressor Rotor with Double Circular Arc Airfoil
Blade Sections,' Part III, NACA RME55F01, 25 July 1955,

Monsarrat, N. T., and M. T. Keenan, "Experimental Evaluation of
Transonic Stators, Preliminary Analysis and Design Report, ' NASA
CR-54620, 1967.

Keenan, M. J., K. G. Harvey, and G. A, Bogardus, "Experimental
Evaluation of Transonic Stator, Data and Performance Report MCA

Keenan, M. J., and J. A. Bartok, "Experimental Evaluation of Transonic
Stator, Data and Performance Report MCA Stator B,' NASA CR-54622,
1968.

Monsarrat, N. T., M. J. Keenan, and P. C. Tramm, "High- Loading
Low-Speed Fan Study, Design,' NASA CR-72536, 28 July 1969,

Messenger, H. E., and E, E. Kennedy, "Two Stage Fan Aerodynamic
and Mechanical Design,' NASA CR-120859, January 1972,

Sulam, D. H., M. J. Keenan, and J. T. Flynn, "Single-Stage Evaluation
of Highly-ILoaded, High-Mach-Number Compressor Stages, Data and
Performance MCA Rotor,'" NASA CR-72694, July 1970.






