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SYMBOLS AND NOTATION

2 'O
A compressor flow passage annulus area, m

A venturi flow passage area, m 2
V

c blade chord length, m _?'24

FCC comparison of integrated and venturi flow coefficients
(Eq. 10.34), percent

g local acceleration of gravity, m/s2

H total head with respect to barometric pressure (Eq. 10.5) 1 1

".-:. N-m/kg

h static head with respect to barometric pressure, N-m/kg

h hg barometric pressure, m of Hg

h casing static head with respect to barometric pressure
w.. (Eq. 10.9), N-m/kg

i incidence angle (Fig. 10.1), degrees

Patm barometric pressure (Eq. 10.1), N/m2  oo

P total pressure with respect to barometric pressure, m of
vs twater

V P venturi static pressure with respect to barometric pressure,
m of water

P casing static pressure with respect to barometric pressure, .

m of water ,Uj

PHI! percent passage height from hub (Eq. 10.4), percent

Q integrated volumetric flow rite at probe-traversing measure-
a ment stations (Eq. 10.32), m /s

3Q venturi volumetric flow rate (Eq. 10.30), m /s
v

R gas constant, N-m/(kg-*K)

r radius from compressor axis, m .,

RPM rotor rotational speed, rpm

S circumferential space between blade camber lines, degrees S

*I. %q
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T compressor drive-shaft torque, N-m

3 t temperature, OK

tbaro barometer ambient temperature, OK

t blade section maximum thickness, m
max

U rotor blade velocity (Eq. 10.14), m/s

V absolute fluid velocity (Fig. 10.1; Eq. 10.12), m/s

. . V' relative fluid velocity (Eq. 10.21), m/s

V tangential component of absolute fluid velocity (Eq. 10.17),
m/s

V' tangential component of relative fluid velocity (Eq. 10.19),
M/s

V axial component of fluid velocity (Eq. 10.15), m/s
z

Y circumferential traversing position, degrees

absolute flow angle with respect to axial direction (Fig. 10.1),
degrees

relative flow angle with respect to axial direction (Fig. 10.1;
Eq. 8.23), degrees

0 "specific weight of water manometer fluid (Eq. 10.3), N/m3

2

3
"hg specific weight of mercury, N/m

.* a' v pressure differential across venturi, m of water

AY freestream region in the circumferential space between
blades, degrees

6 deviation angle (Fig. 10.1), degrees

r] hydraulic efficiency (Eqs. 10.42, 10.43, and 10.44)

rm mechanical efficiency (Eq. 10.54)

K blade angle, angle between tangent to blade camber line
and axial direction (Fig. 10.1), degrees

p density of air (Eq. 10.2), kg/m3

.. 
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a blade row solidity

venturi flow coefficient (Eq. 10.31)

.4%' 0 circumferential-mean flow coefficient (Eq. 10.29)

- a integrated flow coefficient at probe-traversing measurement
stations (Eq. 8.33)

4$. head-rise coefficient (Eqs. 10.36 through 10.41 and 10.51,
10.52, 10.53)

w total-head loss coefficient (Eqs. 10.45 and 10.46)

Subscripts

h annulus inner surface, hub

i ideal

m mechanical

overall overall compressor

R rotor

4. .S stator

stage stage

t. annulus outer surface, tip

v venturi

1 blade-row inlet

2 blade-row outlet

IR first rotor

2R second rotor

iS first stator

2S second stator

... 
.,

4% 
O

I +m ~~~.....J.. m .. oO. ... .. . . .. .-. +....+ . .+..... ,,. ...... •.,

.. . • - " "" . " """P" 
"



,o71

r-41 x

%-.- Superscripts ""

relative to rotor

average; blade-to-blade circumferential-average

- radial mass-average

cross-section average

7-7.
P.S...-

|*1 ,%

"°-°

S.'"

5%.',



xi

LIST OF FIGURES 1
Page

Figure 2.1. Schematic of research compressor. 4

Figure 2.2. Representative compressor rotor blade sections 8

(same for baseline and modified builds).

Figure 2.3. Representative baseline stator blade sections. 9

Figure 2.4. Representative modified stator blade sections. 10

Figure 2.5. Meridional plane view of compressor blading. 12

Figure 2.6. Schematic showing axial location of probe 14 . -

measurement stations relative to adjacent

blade rows (dimensions in rm).

Figure 2.7. Schematic of data acquisition system. 16

Figure 3.1. Logic diagrams for data acquisition. 21

Figure 3.2. Blade cascade showing circumferential measure- 26

ment window.

Figure 3.3. Heridional plane view of the modified stator 28

blade equipped with heating coil, and blade
cascade view illustrating the position I and

position II heated blade locations.

Figure 4.1. Confidence intervals (20:1 odds) for circumfer- 45
ential-mean performance parameters ( = 0.500). U

Figure 4.2. Overall performance parameter variation with 54

flow coefficient.

Figure 4.3. First stage incidence angle variation with flow 62

coefficient at mid-span.

Figure 4.4. Spanwise distributon of circumferential-mean 65

head-rise coefficients for the baseline 1

compressor build at the design (0 0.587)
and the off-design ( 0.500) operating

points.

Figure 4.5. Spanwise distribution of normalized circumfer- 68

ential-mean rotor exit total-head values for

the baseline I compressor build at the design
= 0.587) and the off-design ( = 0.500) .0

operating points.

4-.'

A. &s......... ...... -. ....... .. .... . ..... .
.i' ' -# " ' "' '.i-i - -P ' - •. -- "- - "- . -- -- -- - " .'"-" -" .- - . J- "~ - . -" ."" - . • - '" "



xii

Page

Figure 4.6. Total-head contour maps for each blade row 726
exit of the baseline 1 compressor build at
the design operating point () 0.587).

Figure 4.7. Total-head contour maps for each blade row 76
exit of the baseline I compressor build at the
off-design operating point () 0.500).0

Figure 4.8. Total-head topographic maps for each stator 81
row exit of the baseline 1 compressor build
at the off-design operating point ()=0.500).

Figure 4.9. Spanwise distribution of circumferential-mean 83 1
stator loss coefficients for the baseline 1
compressor build at the design ()=0.587) and
the off-design ()=0.500) operating points.

Figure 4.10. Spanwise distribution of circumferential-mean 89
stator incidence and deviation angles for the '
baseline 1 compressor build at the design

()=0.587) and the off-design ()=0.500)
operating points.

Figure 4.11. Spanwise distribution of circumferential-mean 92
ideal head-rise coefficients for the baseline 16
compressor build at the design ()=0.587) and
the off-design ()=0.500) operating points.

Figure 4.12. Spanwise distribution of circumferential-mean 94
rotor loss coefficients for the baseline 1
compressor build at the design ()=0.587) and
the off-design (0) 0.500) operating points.

Figure 4.13. Spanwise distribution of circumferential-mean 97
rotor incidence and deviation angles for the
baseline 1 compressor build at the design

()=0.587) and the off-design () 0.500)
operating points.

Figure 4.14. Spanwise distribution of circumferential-mean 100
hydraulic efficiencies for the baseline 1

.5.. compressor build at the design (0) = 0.587)
and the off-design ()=0.500) operating
points.

Figure 4.15. Qualitative variation of total head with 106

circumferential extent at second rotor exit -

mid-span.

PLO

71



xiii Page

Figure 4.16. First stator wake tracking data measured at 1080
the second rotor exit (50 percent span from
hub).

AFigure 4.17. First stator wake/second rotor blade inter- 113
action at two operating points (~=0.575
and 0.500).

Figure 4.18. Relationship between second rotor exit total- 115
-: head variation and the blade-to-blade and

wake-avenue widths.

Figure 4.19. Contour maps of stator wake tracking tempera- 116
tures measured at the second rotor exit.

Figure 4.20. Spanwise distribution of first stage circum- 121
ferential-mean performance parameters for the
different compressor builds (0=0.500). .V

Figure 4.21. First rotor exit total-head contour maps for 125
the baseline 1 and modified 1 compressor
builds 0.500).

Figure 4.22. First stator exit total-head contour maps for 128
each compressor build 0.500).

Figure 4.23. Map comparing the total-head contours at the 134
first stator exit for the baseline 1 and
modified 1 compressor builds ( r 0.500).

Figure 4.24. Spanwise distribution of second stage circum- 136
ferential-mean performance parameters for the
different compressor builds (0 = 0.500).

Figure 4.25. Second rotor exit total-head contour maps for 142

each compressor build 0.500).

Figure 4.26. Spanwise distribution of circumferential-mean 146
overall head-rise coefficients for the different
compressor builds 0 0.500).

Figure 4.27. Second stator exit total-head contour maps for 148

each compressor build (0 = 0.500).

"- Figure 4.28. Maps comparing the total-head contours at the 152

second stator exit for the different compressor
builds (0e 0.500).

"t

. -. ., ovral hed-rie ceffciets or te dffeent.' ',



xiv

Page

Figure 4.29. Spanwise comparison between first and second 158
stage circumferential-mean performance param-
eters for the different compressor builds

= 0.500).

Figure 4.30. Spanwise distribution of circumferential-mean 163
rotor performance parameters for the different 0
compressor builds (@ = 0.500).

Figure 4.31. Spanwise distribution of circumferential-mean 168
hydraulic efficiencies for the different
compressor builds (# = 0.500).

Figure 8.1. Blade loss correlation curves used in NASA 186
design code.

Figure 9.1. Typical stator blade section using manufacturing 190
coordinates.

Figure 10.1. Notation and sign conventions (all positive 220
except as noted) for flow-field parameters.

;.. ~...-

S.4

.4.!
Ire.

7,.



xv

LIST OF TABLES

Page

Table 2.1. Summary of two-stage compressor design data. 5

Table 2.2. Comparison of stator blade geometries. 7

Table 2.3. Comparison of compressor builds. 11

Table 4.1. Estimated uncertainty intervals for primary 34
measurement quantities."'-1

Table 4.2. Estimated uncertainty intervals for primary 36"

computed quantities. '6

V.%

Table 4.3. Comparison of venturi and axial measurement 38
station integrated flow coefficients for the
different compressor builds ( = 0.500). -"

Table 4.4. Estimated uncertainty intervals for overall 40
performance parameters.

Table 4.5. Uncertainty estimates (20:1 odds) for circum- 41
ferential-mean flow-field quantities (# = 0.500).

Table 4.6. Uncertainty estimates (20:1 odds) for circum- 43
ferential-mean incidence and deviation angles
(0 = 0.500).

Table 4.7. Uncertainty estimates (20:1 odds) for circum- 44
ferential-mean performance parameters (0 = 0.500).

: Table 4.8. Comparison of radially mass-averaged performance 103
parameters for the baseline I compressor build
at the design ( = 0.587) and the off-design[% ( =0.500) operating points. !

Table 4.9. Comparison of radially mass-averaged performance 172 O

parameters for the different compressor builds
(0 = 0.500).

" Table 9.1. Design code input parameters. 191

Table 9.2. Design code predictions of aerodynamic parameters. 200 .

Table 9.3. Design code stage and overall performance predic- 212

tions.%..

Table 9.4. Stator blade manufacturing coordinates generated 213
. by NASA design code.

:-.: -.. -. - .- ,.. .. .. , .. . ... .. *. . . . ... . .C. . . . . . . . . . . . . .. . .. . . ... .



T7- -7 7

xvi

Table 11.1. Circumferential-mean flow-field quantities 232
for the baseline 1 compressor build ()=0.500).

Table 11.2. Circumferential-mean flow-field quantities 234
for the baseline 2 compressor build ()=0.500).

Table 11.3. Circumferential-mean flow-field quantities 235
for the modified 1 compressor build (40 = 0.500).

Table 11.4. Circumferential-mean flow-field quantities 237
for the modified 2 compressor build ()=0.500).

Table 11.5. Circumferential-mean incidence angles (deg.) 238
for the different compressor builds ()=0.500).

Table 11.6. Circumferential-mean deviation angles (deg.) 239
for the different compressor builds ()=0.500).

Table 11.7. Circumferential-mean performance parameters 240S
for the baseline 1 compressor build ()=0.500).

Table 11.8. Circumferential-mean performance parameters 241
for the baseline 2 compressor build ()=0.500).

Table 11.9. Circumferential-mean performance parameters 242
for the modified 1 compressor build ()=0.500).

Table 11.10. Circumferential-mean performance parameters 243
for the modified 2 compressor build ()=0.500).



1. INTRODUCTION

The fluid flow viscous losses occurring in production axial-flow

turbomachines continue to challenge designers. Even seemingly small

gains in aerodynamic efficiency are vigorously sought by manufacturers

to remain competitive. Better management of the complicated flows

in end wall regions of the blade rows of a turbomachine is one example

of a specific improvement goal.

A o pe eeac opesr a eaueulto.nti

* quest for improved performance. In particular, viscous phenomena

may be ascertained in considerable detail, and a variety of builds

designed to result- in improved flows can be tried somewhat economi-

cal ly.

This report is about research initiated to provide a clearer

understanding of the potential for better managing the end-wall flows

% in an axial-flow compressor. More specifically, the use of stator

geometry modification (blade shape and end-wall fillets and/or sealing)

to improve stage performance was explored.

Two kinds of stator blades were used. A baseline stator, conven-

-- tional in geometry, provided baseline data against which to compare

data for other stator geometries. A modified stator featuring forward
Ile

- symmetrical sweep of the leading edge from mid-span to the inner and

outer annulus walls was also utilized.

Both large and small blade/end-wall corner fillets were tested

in the second stage stator row of the compressor with the modified

stator blades. This investigation into the influence of large

-%.q

L"% I V..
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2

corner-fillets on end-wall flows also supplied data on the effects

of sealing a stator/stationary end-wall clearance gap. These sealing

effects were further investigated with the baseline stators.

oi

. . . . . ...



3

2. RESEARCH COMPRESSOR EXPERIMENTAL FACILITY

The axial-flow research compressor and data acquisition system

* of the Iowa State University Engineering Research Institute/Mechanical

Engineering Department Turbomachinery Components Research Laboratory

that were used to accomplish the experimental research outlined in

this report are briefly described in this section. More comprehensive 1
and detailed information about this equipment is provided by Hathaway

and Okiishi [1).

2.1. Axial-Flow Research Compressor

The two-stage axial-flow research compressor rig (see Figure 2.1)

of the Turbomachinery Components Research Laboratory was used in the

aerodynamic performance testing of four different compressor builds. P
These builds consisted of the same rotor blade rows and two kinds of

stator blade rows, namely, baseline and modified. The rotor and i;
baseline stator blades were designed to be representative of typical TV

- ~ transonic compressor blades in terms of high reaction stages, axially

discharging stators, and the absence of inlet guide vanes. A uniform

spanwise distribution of total pressure was prescribed for each

rotor exit. The blade section profiles used for all blades were

double circular arc, and were considered conventional and appro-

priate for the low-speed testing involved. The two-stage compressor

design data are summarized in Table 2.1.

The modified stator blades, as already mentioned, featured

forward symmetrical sweep of each stator leading edge from mid-span

~V

.1.0
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Table 2.1. Summary of two-stage compressor design data.

Rotor speed 2400 rpm

Flow rate 5.25 lb /s (2/38 kg/s)
m

Pressure ratio 1.019

Number of blades

Rotor 21

Stator 30 -

Blade material fiberglass with steel trunnion and spine

Blade aerodynamic chord 2.30 in. (6.07 cm) constant for rotor and
baseline stator

2.38 in. to 3.03 in. (6.04 to 7.70 cm) for
modified stator

Blade section profile double circular arc

Blade stacking axis radial line through center of gravity
location of blade sections for rotor and baseline

stator blades

radial line through blade section trailing
edge circle centers for modified stator
blade

Leading and trailing 0.01 constant
edge radius to aero-
dynamic chord ratio

Mlaximum thickness to 0.10 to 0.06 linear variation from blade
aerodynamic chord ratio root to other end of blade span

Annulus flow path

Hub radius 5.60 in. (14.22 cm) constant

Tip radius 8.00 in. (20.32 cm) constant

*J*.

_.o A



6

to the inner and outer annulus walls. The baseline and modified

stator blade geometries are compared in Table 2.2, and some repre- 0

sentative blade section profiles for the baseline and modified

rotor and stator blades are shown in Figures 2.2, 2.3, and 2.4,

respectively. The baseline rotor and stator blade designs are

-. discussed in more detail by Hathaway and Okiishi [11. The modi-

fied stator blade design details are summarized in Appendices

A and B. All blades were manufactured as described by Hathaway

%, and Okiishi [1], with clearances between blade extremities and

(. ,. the casing (for rotor blades) and hub (for stator blades) kept

constant at 0.034 inches (0.864 m) (1.4 percent span) by preci- 0

sion grinding of blade tips to appropriate radii with the blades

mounted in place.

The four different compressor builds consisted of two baseline S

stator builds, namely, baseline I and baseline 2, and two modified

4 " stator builds, modified 1 and modified 2. The two builds with each

kind of stator blade geometry (baseline and modified) differed only

"U.V. in the second stage stator row, as indicated in Table 2.3. A -.

meridional plane view of the compressor blading with build features

summarized in note form is provided in Figure 2.5. The large corner

I fillets used in the second stage stator row of the modified 2 build

involved a radius of 0.25 inches. All small corner fillets were

made as small as was practical. *1

. V

"". ''.-'- "'".' '.- • . .' -''-.'-'"- " """ " -''.''.--.'""'""*"-"-"."-"-.'-.''.'-''"i"i',.' "-,'-"-",''-,'-,:.'" -','- " " " -,
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Table 2.2. Comparison of stator blade geometries.

. Similarities between Baseline and Modified Stator Blades

* Number of blades per row

* Blade surface finish

. Mid-span chord length

, Spanwise distribution of maximum thickness to chord ratios

4. O-

Differences between Baseline and Modified Stator Blades

Baseline Modified

Stacking point at center of Stacking point at trailing edge
gravity circle center

No leading edge sweep Symmetrical leading edge forward
sweep

Constant spanwise distribution Varying spanwise distribution of
of chord length chord length

SIto

n J,

'.,.

"..
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3.00- 1.20

2.00. -0.80 -TPMDSA

1.00- 0.40- U

A. ~0.00 0.00-

0j

BLADE MOTION

-p -2.00 -- 0.80

FLOW --- jam

-30 1.20

.. .,-1.60 1 1 1

-0.80 -0.40 0.00 0.40 0.80
in.

-2.00 -1.00 0.00 1.00 2.00 "
Figure 2.2. Representative compressor rotor blade sections

(same for baseline and modified builds).
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2.2. Data Acquisition System

The data acquisition system included the following basic items:

o Slow-response pressure instrumentation

9 Probe and stator blade row actuators

* Scanivalve system

-.. & Venturi flow meter

e Temperature instrumentation

* Compressor drive-shaft torque measurement device

* Computer control system

_ Oscilloscope (Tektronix type R546B with type 3A7 Differential

Comparator and type 3A1 Dual-Trace Amplifier)

'. .The slow-response pressure instrumentation included a cobra

- probe (United Sensor type CA-120-24-F-18-CD), a Kiel probe (United

Sensor type KBC-24-L-22-W), casing static pressure taps, and a

mercury-in-glass barometer (Princo Instruments model B-222). The

probes were immersed and yawed with a probe actuator (L. C. Smith

Company model BBS-3180) controlled by a control indicator (L. C.

Smith Company model DI-3R) and switchbox (L. C. Smith Company model

DI-3R-SB4). The measurement station locations are shown in Figure 2.6.

A scanivalve pressure-port selector system (Scanivalve Company

model 48D3-1016) including a strain-gauge pressure transducer (Scani-

valve Company model PDCR22), solenoid drive (Scanivalve Company

model DS3-48) and control (Scanivalve Company model CTLR2/S2-S6),

a signal conditioner (Endevco model 4470), and an amplified bridge

* '.*
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circuit conditioner (Endevco model 4476.2A) were used to acquire

all pressure measurements.

Temperature measurements were acquired using a solid-state

thermocouple reference junction (Pace Engineering Company model

LRJ49-8TT) with copper-constantan thermocouples. .

A desk top computer (Commodore PET model 2001-32) and digital

voltmeter (Hewlett Packard model 3455A) were used in combination

with a multiple channel voltage scanner (Hewlett Packard model 3495A) S

to control the data acquisition process. .i

A schematic illustrating how these components interacted with each

other appears in Figure 2.7. ]
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3. EXPERIMENTAL PROCEDURE AND DATA REDUCTION 2
Involved with the present experiment were the following specific .

goals:

o Construct overall performance maps for the baseline 1 and

* modified 1 compressor builds

e Establish from these performance maps a flow rate at which

to obtain detailed flow-field data for the four different

compressor builds

* Test the four compressor builds at the selected flow rate

(operating point) in order to obtain detailed time-average

total-pressure and flow angle data at each blade row inlet

and exit station

* Track the first stage stator wake flow through the second

stage rotor

Details involved in attaining these goals are summarized below. More

complete information about the calibration procedures involved is

provided in Reference 1.

3.1. Calibration

The equipment calibrations necessary before and during data

acquisition were as follows: ..

,01
* Probe and stator blade row actuator position/potentiometer

voltage calibrations (probe yaw angle and immersion position KK-
and stator blade row circumferential position)

.---Od

.1,....., ._.,.''' ... ' ,,,,...,._ :';,.. , ",.;'.,::'.,".,..-" ' v -- " ' ' .. .:.... .''' -.-. .
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*Pressure-transducer calibrations (on-line using the pressure

reference system described in Reference 2)

* Shaft torque measurement device (torque meter) calibrations

*Thermocouple calibrations using a mercury-in-glass thermometer

- The Kiel and cobra probes were positioned immersion-wise relative

* . to their respective actuators with a depth micrometer. The cobra probe

zero yaw angle position was ascertained by "nulling" the probe side

port pressures with the probe immersed in a stream of air from a flow

nozzle, with the actuator mounted at right angles to the nozzle flow

direction. The Kiel probe was also tested in the nozzle flow where2

it could accurately measure total pressure within an angular range

of as much as ±45 degrees from the actual flow direction. After

these probes were adjusted and calibrated, appropriate constants were

entered into the data acquisition computer programs [ll.

On-line pressure-transducer calibration was accomplished using

a pressure reference system [21 consisting of several water columns

of differing heights and triple-beam balances. This system provided

four reference pressures against which the pressure transducer could

be calibrated. Calibration of the pressure transducer consisted of

a linear least-squares correlation of transducer output voltage versus 19

the known reference column pressures. The reference column pressures

were determined with a resolution of 0.003 inches (0.076 mm) of water

or better from linear least-squares correlation equations which were

determined from a periodic (about three month intervals) calibration

of column pressure versus column weight. Therefore, it was necessary

S. to only weigh each column prior to testing in order to determine the
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reterence column pressures. Each column pressure and transducer

voltage recorded was referenced to one of the columns, the same column

each time. This was done to reduce errors due to thermal drift and

- ~ other transient errors between successive readings, as well as to

insure that the linear transducer correlation went through zero as it

should. The above procedure consistently provided a transducer linear

correlation coefficient of transducer voltage versus column pressure of

0.99999 or better. The calibration was repeated if this correlation

criterion was not met. The pressure trnsducer was repeatedly checked

in this manner prior to making any pressure measurements.

An additional water column was used to provide a base pressure

to one side of the scanivalve transducer in order to insure that the

pressure transducer was always displaced from zero. This eliminated

errors from having the transducer pressure fluctuate around zero.

~ .~.Thermocouples were calibrated against a precise mercury-in-glass

.' thermometer. Since the flow was virtually incompressible, this pro-

cedure was sufficiently accurate for the situation involved.6

- .Torque measurements were obtained by floating the drive motor

* -. on air bearings and applying a torque counter to the drive-motor

- torque. The balancing torque was applied by adding discrete weights

to a torque arm, with a so-called torque meter being used to resolve

the torque arm loads. This meter, employing a load transducer (strain

gauge on a cantilevered beam) and accompanying circuitry, was subject

to considerable transient drifting, and as such needed periodic

recalibration during any measurement sequence. A built-in calibration
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circuit was used to accomplish this, allowing adjustment to the

correct 0 to 1 kg full-scale meter deflection.

3.2. Data Acquisition

All measurements were made with slow-response (time-averaging)

instrumentation. Testing was done at the design rotor speed of

2400 rpm only, which was maintained with a feed-back electronic

control system to within ±1 rpm. Four general measurement proce-

dures were used. The first involved acquisition of overall N

performance data from which overall performance maps were con-

structed. With these overall performance data, a single operating

point could be selected at which to obtain detailed aerodynamic

performance data for the different compressor builds. This detailed

* N performance testing required another two measurement procedures,

one associated with the Kiel probe (total pressure) another with

the cobra probe (flow angle). The fourth procedure was associated

with the first stage stator wake tracking experiment.

As mentioned earlier, the data acquisition system was controlled

by a desk-top computer. A separate "data acquisition program" was

constructed for each of the first three general measurement procedures

mentioned above. Logic diagrams (Figure 3.1) for these are included

with the following discussion. N

3.2.1. Overall Performance Data Acquisition

Three basic types of measurement were involved in this procedure;

namely, casing static-pressure, fluid temperature, and drive-shaftA

- .. . ...... . . . ..
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torque. Casing static pressures were obtained both at the venturi

meter throat and the second stator exit station. Fluid temperature.•

was measured in the lab, near the compressor inlet and at the

venturi throat. The logic diagram for the data acquisition program

used to automate this procedure is presented in Figure 3.1(a). '

3.2.2. Detailed Data Acquisition

Sets of detailed data were acquired at a 'fixed operating point

of the compressor (shaft speed = 2400 rpm and flow coefficient = 0.500).

The measurements involved in obtaining these data were total pressure,

casing static pressure, and absolute flow angle. Total pressure was

measured with a Kiel probe, and absolute flow angle was measured with

a cobra probe.

The Kiel probe was set at a fixed yaw angle for any given axial

measurement station. This angular setting was not critical since the 6

Kiel probe was capable of measuring total pressure accurately to

within ±45 degrees of the actual flow angle. At the compressor inlet

and stator exit stations, this setting was approximately 0 degrees .

while at the rotor exit stations a setting of 25 degrees was used.

Qualitative oscilloscope traces of the circumferential variation of

total pressure at various span locations were made at the stator

exit stations to reveal the stator wake location. This information

was used to pack total-pressure data within the stator wake for

better wake definition.

At each stator exit measurement station, absolute flow angles

could be measured only in the free-stream regions. This was because

flow angles could not be measured accurately with a cobra probe in

V . x -' . '' J " J , ,.-.-,- . ""''' o- : . ' , " - " .- " " ' " ' "" . ''' ''" - ,. " -. " " ", ,"- ' '
"7'I -. ":,",7 v ,1Z '.-.'.. .... :,'''''' • <''- -. ',''< ' "" ' "-:.- ' , . -. h ". ." , , ; " ''",
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the stator wake because of the large total-pressure gradients there.

The logic diagrams for the total-pressure and absolute flow angle @

data acquisitions programs are presented in Figure 3.1(b) and (c),

respectively.

Figure 3.2 depicts, to scale, a cascade representation of the "

compressor blade rows showing locations of the five axial measurement

stations and the circumferential extent of the measurement window at

each station. Data were acquired at all five axial stations for a to -

complete set of measurements. Circumferential surveys were made by

moving the stator rows circumferentially past the stationary probe.

It should be noted that the stator blades of both stator rows were

"in line" when viewed along the compressor axis for all measurements.

At all axial stations, data were generally obtained at eight

annulus passage height (spanwise) locations, specifically, at 5%, 10%,

30%, 50%, 70%, 80%, 90%, and 95% span from the hub. Circumferential

surveys were made over one stator pitch at each spanwise location,

with the number of circumferential data points depending on the measure-

ment type (total pressure or flow angle) and the axial station involved.

Also, a casing static-pressure data point was taken with each total-

pressure data set. The number of circumferential data points per

stator pitch were as follows:

-- STATION 1: 0 total pressure 6 flow angle

9 . STATION 2: 10 total pressure / 6 flow angle

" STATION 3: 25 total pressure / 10 flow angle (free-stream

A only)

STATION 4: 20 total pressure / 10 flow angle lo

.- %

"...

.O
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Figure 3.2 Blade cascade showing circumferential measurement
window. 
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. STATION 5: 25 total pressure / 10 flow angle (free-stream

only) _

Complete sets of data were obtained for the baseline 1 and modi-

fied 1 compressor builds. For the baseline 2 and modified 2 builds,

total-pressure data were acquired only at axial stations 3, 4, and 0

5, with flow angle data also acquired at these three stations for

the modified 2 build only.

3.2.3. First Stator Wake Tracking Through the Second Rotor

A special series of tests was conducted on the modified 2 com-

pressor build to determine first stator wake movement and dispersion

through the second rotor blade row. These tests involved a specially

constructed first stator blade with a heating wire wound to form a

hot coil over the span of the blade near the trailing edge. In

Figure 3.3 is a sketch of this heated stator blade and its location .

with respect to the circumferential measurement window. Data were

obtained with the blade mounted in two different locations, referred

to as position I and position II.

The stator wake tracking procedure consisted of activating the

heating coil with a 3 amp current using a 120 volt variable transformer,

and measuring air flow temperature at the second rotor exit with a -

thermocouple. This procedure was partially automated by modifyingU -..'..

the Kiel probe data acquisition program discussed earlier. For two

flow rates (flow coefficient = 0.575 and flow coefficient = 0.500), -

circumferential temperature surveys (position II) were made at five

spanwise locations, specifically, at 10%, 30%, 50%, 70%, and 90%

6' span from the hub. Circumferential temperature surveys at these

:.-.

i:.. . . . .. . . . . . . . . . . . . . . . . . . . .

:-. i '
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. BLADE
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-:. - 0.0 1.0 MEASUREMENT
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SECOND ROTOR

ROTATION

Figure 3.3 Meridional plane view of the modified stator blade
equipped with heating coil, and olade cascade view
illustrating the position I and position II heated

blade locations.
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radii were also made for the position I heating coil location at the j
flow coefficient of 0.575 only. A single circumferential temperature

survey (position II) was made at mid-span for the flow coefficient

of 0.425. The number of temperature data points for all circumiferen- >
tial surveys was 25 per stator pitch.

~. ,~The stator wake tracking temperature data were supplemented

with a few second rotor exit circumferential surveys of total 2
pressure. The surveys of 20 data points each per stator pitch

' were made at mid-span only and were used to assess wake avenue

distortion caused by the heating coil.

3.3. Data Reduction

Preliminary reduction of the data was performed during acquisition

and consisted of determining a primary quantity values of total head,

static head, and absolute flow angle. These primary values were subse-

quently stored on magnetic disk (UNIX). Completion of data reduction

generally occurred on the mainframe computer (NAS AS6). For all calcu-

lations, the flow was assumed incompressible since velocities involved

Mach number levels less than 0.2. Integrals were evaluated using a

spline-fit integration scheme [3]. A complete list of all quantities

and equations used in reducing the data is presented in Appendix C.

3.3.1. Overall Performance Parameters

* . All overall performance parameters were computed during acquisition

and then transferred to the mainframe computer for plotting (performance

AI AU1~t
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maps). The equations used to compute these parameters (see list below)

are presented in Appendix C.

: Overall head-rise coefficient (venturi based, Eq. 10.52)

- Overall head-rise coefficient (second stator exit shroud

static-pressure based, Eq. 10.51)

- Mechanical work-input coefficient (shaft torque based,

Eq. 10.53)

* Mechanical efficiency (second stator exit shroud static-

pressure/shaft torque based, Eq. 10.54)

3.3.2. Flow-Field and Performance Parameters (Detailed Data)

The total head was determined at each flow-field measurement

point from the Kiel probe measured total pressure. Circumferential-

mean values of total head and absolute flow angle were determined

for each spanwise position at every axial measurement station. All

circumferential averages, except for flow angle averages at the stator

blade row exits, were determined by integrating over one stator blade

pitch. Circumferential-mean absolute flow angles at the stator blade

row exits were obtained by integrating over the free-stream portion

".', of the flow only.

The static head was assumed to be circumferentially constant, P

and the spanwise distribution of static head was determined for each

spanwise location at every axial measurement station by solving the Z.

radial equilibrium equation (Eq. 10.11) using the Runge-Kutta numerical

technique [4). The circumferential-mean casing static head was used

as a boundary value. The pressure distribution was obtained by marching

radially toward the hub at increments of 5% of passage height. The

, .'...

, . .. - . . . .% - . . . . . . . . . . . .. . . . . . . . . .. ., .. .% ,



circumferential-mean values of tota: head and absolute flow angle

required at each step of the Runge-Kutta solution were obtained with0

a second-order Lagrange interpolation of their measured spanwise

distributions.

From the radial distributions of total head, absol-te flow angle,0

and static head, the circumferential-mean absolute velocities were

determined for each spanwise location of every axial measurement station.

With the circumferential-mean absolute velocities and flow angles deter-

mined, the following circumferential-mean flow values were computed for

dV each spanwise location of every axial measurement station.

Axial velocity, n/s (Eq. 10.16)

*Absolute tangential velocity, rn/s (Eq. 10.18)

e Relative tangential velocity, m/s (Eq. 10.20)

* Relative velocity, rn/s (Eq. 10.22)

e Relative flow angle, degrees (Eq. 10.24)

9Blade incidence angle, degrees (Eqs. 10.25 and 10.27) ''
9Blade deviation angle, degrees (Eqs. 10.26 and 10.28) 0% .1

* Flow coefficient (Eq. 10.29)

In addition, for each axial measurement station an annulus cross-

-I .,•".

section integrated flow coefficient was calculated and compared with n

the flow coefficient determined from the venturi flow meter. In deter-

mining the annulus cross-section flow rate and corresponding flow

coefficient, the axial velocities at the hub and casing end walls

were assumed equal to zero.

The performance parameters were computed using the above circum-

ferential-mean data. The actual and ideal (Euler turbine equation

A?
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based) head-rise coefficients and hydraulic efficiency were determined

for each of the eight spanwise locations for both rotor rows, stages,

and the entire compressor. Total-head loss coefficients were also

determined for each rotor and stator blade row. Also, radially mass-

averaged values of each of the above performance parameters were

V ... determined for both rotor rows, stages, and the entire compressor

(see Appendix C).

3.3.3. First Stator Wake Tracking Data

All heat stator wake temperature data obtained at the second

rotor exit were normalized before plotting as described below. The

so-called relative temperatures were computed by subtracting the

venturi meter throat fluid temperature from all temperature values.

These relative temperature data were then graphed by the mainframe

computer.

3.3.4. General Graph Types

Most reduced data were graphed by the mainframe computer to aid

in analysis. Four general types of graphs were used:

* Performance maps--for point data (versus flow coefficient)

* Graphs with circumferential extent--for point data

* Contour maps--for point data

o Spanwise graphs--for circumferential-mean data

It should be noted that for contour mapping, the data acquired over

a single stator blade pitch were repeated circumferentially over two

stator blade pitches in order to provide better visualization of the

flow pattern.

..- '. .
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4. RESULTS AND DISCUSSION

Experimental results obtained from aerodynamic performance

testing of the two-stage axial-flow compressor are presented and

discussed in this section. The sequence of presentation is as "0°

follows:

4.1. Uncertainty Analysis

4.2. Overall Compressor Performance

4.3. Baseline 1 Compressor Build--Different Flow Rates -*-

4.4. Comparison of Compressor Builds

A detailed comparison of design code predictions with experimental

results for the baseline I compressor build at design flow is provided

in Reference 1.

4.1. Uncertainty Analysis

Uncertainty estimates associated with the experimental results

are presented in this section and the methods used to obtain these

estimates are discussed. Primary measurement uncertainty intervals

are provided first, followed by a discussion and presentation of

the uncertainty intervals in calculated quantities.

Estimated uncertainty intervals for the primary measurement

quantities are listed in Table 4.1. Also included in Table 4.1

are typical quantity values. The estimates for transducer pressure

and absolute flow angle uncertainty were statistically determined

from several sets of repeatability tests. Some actual test data
'S.

*1 S
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Table 4.1. Estimated uncertainty intervals for primary measurement
quantities.

Uncertainty
Typical Interval

Quantity Symbol Value (20:1 odds)

Barometric pressure hhg 735.0 mm Hg ±0.3 (0.04%)

Transducer pressure P 60.00 mm H20 ±0.58 (0.97%)

Temperature t 300.0 deg. K ±0.5 (0.17%)

Shaft torque T 11.000 Nm ±0.125 (1.14%)

Absolute flow angle
y

Station 1 0.0 deg. ±1.25

Station 2 30.0 deg. ±0.90

Station 3 0.0 deg. ±0.70

Station 4 30.0 deg. ±0.65 t-.

Station 5 0.0 deg. ±0.70

dl:4J,..-J

.. *.. . . . . . . . .. .

*.p* U, - . *.~ .• (- .-
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" sets were also replicated to provide repeatability information. An

attempt was made to assess fixed errors in these results.

The estimated uncertainty intervals for so-called "primary com-

puted quantities" are presented in Table 4.2. Primary computed quan-

tities are those data closely associated with primary measurement ""

data and from which the flow-field and performance parameters are

directly calculated. Several points should be noted about the

information in Table 4.2:

- Most of the uncertainty intervals are for circumferetial- "

mean quantities.

. The uncertainty intervals for a given quantity depend on

the measurement station.

. The uncertainty intervals for circumferential-mean total-head

data are smaller than those for individual total-head data.

* The uncertainty intervals for circumferential-mean/radial

equilibrium static-head data at stations 3 and 5 are relatively

large (compared with the intervals for total-head data).

. Two sets of uncertainty intervals are listed for circumferential-

mean absolute flow angle data, one includes a suspected fixed-

error uncertainty and the other excludes it.

. Some of these observations are discussed further.

"  The uncertainty intervals for circumferential-inean quantities

are smaller than those for the individual quantities used to calcu-

late them, as pointed out above for total head. Similarly, radially

0 mass-averaged quantities have smaller uncertainty intervals than the

circumferential-mean quantities from which they are computed. This

,,~~~~~. . . .... :,i...... .... .........-............. .... ,-..:.



36

m 4) 0

Z4.b r4 W
-4 00 0

4) 0 4) 0 0 0n n 0)

0 ,4> +1 +1 +1 +1 +$

W- 0

-4

.9.4 4.) Q)

4) 0 4) 41 , i, 0 0 0

w 0 \0 0- 0n 0

., 1 +1 +1 +1 +1 +1

0 U '44

4.) -r H )

44 M Q

4o * - 4 4 1 1

$4 -4 - )0-
0 0

S 4.4~~,-4I PC4 -

ot m

14.4

\4))N C C C

-,4 14)

If W
4)1- to00

+. U. 1 +1 41 +1 +1

0

1-4 I-4 CU

44

9c

%



4 37

is reasonable since an average (mean) datum has less random error 2
uncertainty associated with it than the individual data (normally

distributed) from which it is calculated.

The absolute flow angle data have two sets of uncertainty

intervals associated with them because the suspected fixed-error "'0

uncertainty need not be included when estimating the uncertainty

intervals of many calculated results. Most calculated results

are practically unaffected by a small systematic error in measured

angles because they involve angle difference, e.g., ideal head rise,

hydraulic efficiency, and rotor loss. Only the uncertainty inter-

vals for incidence and deviation angles include this fixed-error

uncertainty.

Some additional uncertainty in stator exit circumferential-

mean absolute flow angle data exists. This uncertainty is due to

the fact that different estimates of free-stream extent (flow

angles cannot be measured in the wake with a cobra probe) result

in different circumferential-mean angles. '

The uncertainty intervals for circumferential-mean/radial

equilibrium static-head data are relatively large at the stator

exits because the predicted values of static head over the blade

span (by radial equilibrium using casing static head) are evidently

inaccurate. This can be seen from the comparisons of venturi and

station integrated flow coefficients presented in Table 4.3. The _

relatively large error in the stator exit integrated flow coefficients

can be traced to static head, since the total-head data are considered

accurate. Further, the uncertainty intervals for the static-head data

% *.6o

.- . . . . .. . .... -
.......................................................... "..-.. ..-. - .... . .
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Table 4.3. Comparison of venturi and axial measurement station
integrated flow coefficients for the different com-
pressor builds ( 0.500). O

Venturi Flow Integrated Flow Flow Coefficient
Coefficient Coefficient Comparison (Percent)

Station FCC "

Baseline 1

1 0.5001 0.5051 1.0112

2 0.5001 0 4980 -0.4274
3 0.5001 0.4964 -0.7409 O
4 0.5001 0.5016 0.2989
5 0.5000 0.4876 -2.4900

Baseline 2

1 0.5001 0.5051 1.0112
2 0.5001 0.4980 -0.4274
3 0.5001 0.4960 -0.8260
4 0.5000 0.5034 0.6778
5 0.5002 0.4910 -1.8412

Modified 1 0

1 0.5001 0.5038 0.7433
2 0.5001 0.4961 -0.8002
3 0.5001 0.4911 -1.7991
4 0.5001 0.4981 -0.3997
5 0.5002 0.4863 -2.7780

Modified 2

1 0.5001 0.5038 0.7433

2 0.5001 0.4961 -0.8002

3 0.5000 0.4918 -1.6527
4 0.4999 0.5021 0.4272
5 0.5000 0.4869 -2.6118

..- ..- ,

.*'1"

*0'o~
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were estimated by using the flow rate comparison values and assuming

that, the stator exit flow rate discrepancies were due solely to O

static-head error.

The uncertainty intervals for flow-field quantities and performance

parameters were estimated from those of the "primary computed quantities" "

using the uncertainty propagation methods of Kline and McClintock [5].

The second-power equation was solved analytically to estimate the

uncertainty intervals for overall performance parameters. These are

listed in Table 4.4. Uncertainty intervals for circumferential-mean

quantities were estimated by solving the second-power equation numeri-

cally. To this end, a so-called "Jitter Program" discussed by Moffat

[6] was employed. The uncertainty intervals estimated for circumfer-

ential-mean flow-field quantities are listed in Tables 4.5 and 4.6. .%%

The uncertainty intervals estimated for circumferential-mean perfor-

mance parameters are presented in Table 4.7. Some of these uncertainty

intervals are graphed in Figure 4.1.

4.2. Overall Compressor Performance

Results for overall compressor aerodynamic performance are

presented and discussed in this section. Performance curves for

the baseline 1 and modified 2 compressor builds are contained in

Figure 4.2. Figure 4.2(a) and (b) involve overall head-rise varia-

tion with flow coefficient, while in Figure 4.2(c) overall work-

input (shaft torque based) is presented. Lastly, an overall effi-

ciency map of the compressor is shown in Figure 4.2(d). Each
a-.?

*1 .o,.

-',;........... .. ......... .......... .. ,.,,,e...,...,.,, ... . -.... ,......, •.................
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Table 4.6 Uncertainty estimates (20:1 odds) for circumferential-
mean incidence and deviation angles (4=0.500).

INCIDENCE ANGLES (DEG.)

PHH STATION 1 STATION 2 STAT ION 3 STATION 4
(ROTOR 1) (STATOR 1) (ROTOR 2) (STATOR 2)

5.00 0.3635 0.6500 0.7708 0.5000
10.00 0.3564 0.6500 0.6362 0.5000
30.00 0.3285 0.6500 0.6030 0.5000
50.00 0.3041 0.6500 0.5730 0.5000
70.00 0.2830 0.6500 0.5503 0.5000
80.00 0.2735 0.6500 0.5466 0.5000
90.00 0.2643 0.6500 0.5881 0.5000

95.00 0.;!595 0.6500 0.6241 0.5000 '

DEVITIO ANLS(E.
PHH STATION 2 STATION 3 STATION 4 STATION (RTR15SAO ) (OO ) (TTR2

5.00 0.3795 0.7000 0.4024 0.7000
10.00 0.3659 0.7000 0.3429 0.7000
30.00 0.3285 0.7000 0.3068 0.7000
50.00 0.2972 0.7000 0.2788 0.7000
70.00 0.2691 0.7000 0.2576 0.7000
80.00 0.2554 0.7000 0.2484 0.7000
90.00 0.2545 0.7000 0.2565 0.7000
95.00 0.3014 0.7000 0.3032 0.7000

4.% %



Table 4.7 Uncertainty estimates (20:1 odds) for circumferential-
mean performance parameters ()=0.500).

**FIRST STAGE**

HEAD RISE LOSS
--- COEFFICIENT ---- --- COEFFICIENT ---- ---- EFFICIENCY----

PHH ROTOR IDEAL ROTOR STATOR ROTOR STAGE

5.00 0.0014 0.0041 0.0104 0.0077 0.0159 0.0144
10.00 0.0014 0.0042 0.0104 0.0082 0.0170 0.0169
30.00 0.0014 0.0045 0.0099 0.0085 0.0173 0.0173
50.00 0.0014 0.0049 0.0096 0.0085 0.0182 0.0180
70.00 0.0014 0.0052 0.0093 0.0083 0.0196 0.01900
80.00 0.0014 0.0054 0.0091 0.0079 0.0196 0.0185
90.00 0.0014 0.0055 0.0084 0.0081 0.0148 0.0133
95.00 0.0014 0.0056 0.0077 0.0105 0.0111 0.0109

**SECOND STAGE *

HEAD RISE LOSS
--- COEFFICIENT ---- --- COEFFICIENT ---- ---- EFFICIENCY----

PHH ROTOR IDEAL ROTOR STATOR ROTOR STAGE

5.00 0.0016 0.0029 0.0087 0.0078 0.0092 0.0087
10.00 0.0016 0.0029 0.0072 0.0083 0.0113 0.0112
30.00 0.0016 0.0031 0.0070 0.0084 0.0125 0.0126
50.00 0.0016 0.0033 0.0068 0.0083 0.0135 0.0137 .
70.00 0.0016 0.0036 0.0067 0.0080 0.0138 0.0137
80.00 0.0016 0.0038 0.0069 0.0076 0.0138 0.0133
90.00 0.0016 0.0039 0.0068 0.0084 0.0128 0.0124
95.00 0.0016 0.0039 0:0061 0.0109 0.0092 0.0098

**OVERALL**

HEAD RISE
PHH COEFFICIENT EFFICIENCY

5.00 0.0014 0.0073
10.00 0.0014 0.0092
30.00 0.0014 0.0100
50.00 0.0014 0.0109
70.00 0.0014 0.0112
80.00 0.0014 0.0109
90.00 0.0014 0.0089
95.00 0.0014 0.0071

. . . .. . . . ..
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Figure 4.1 Confidence intervals (20:1 odds) for circumferential-
mean performance parameters ( = 0.500).

Note: The curves drawn through the data in this and other

Figures were generated by a computer plotting
routine based on a second order fit. As such,
these curves should be interpreted with caution.
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figure also includes data based on detailed measurements. Detailed

measurement-based values are those radially mass-averaged overall 0

performance quantities computed from the more extensive Kiel/cobra

_e probe data acquired at selected flow rates.

The overall head-rise curves (Figure 4.2(a) and (b)) are based

on data which could be rapidly measured over the entire operating

range of the compressor (shaft speed = 2400 rpm). In particular,
.

casing static-pressure measurements were obtained at the second

- stator exit and at the venturi meter throat for various flow rates

and from these data the second stator-exit and venturi overall head-

rise coefficients were calculated (Eqs. 8.51 and 8.52, respectively).

The second stator exit shroud static-pressure based head-rise

curves in Figure 4.2(a) are only fair approximations to "actual"

overall head-rise curves; the detailed measurement-based values

-. " included on the map are not coincident with any of the curves.

The main reason for the discrepancy is that the measured shroud

static-pressure is not sufficiently representative of the actual

passage static pressure. These curves must, thus, be used with

caution when comparing head-rise performance between different
4.

compressor builds. The curves in Figure 4.2(a) indicate differ-

ences in head-rise performance between the baseline 1 and modi-

fied 2 builds which are similar in magnitude to the discrepancy

between the curves and their respective detailed measurement-based

values at flow coefficient = 0.500. Further, the detailed measure-

ment values show that the accepted difference in head-rise performance

'4-r
,S..

.,.,. .- ., - .. . .. .. , .. ..- , ..: . , ' - . . , , ..4. ,. . ... ' .. , .. - . ..... 4. . .. . . ... . .

. .,. , '," . .- . .." , "', " o".... -'-... -... .. '..'-..4 '- - -' " ,'. • .- " ' , -- 4'
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between the baseline 1 and modified 2 builds is smaller than the two

curves might imply. O

The venturi throat static-pressure based head-rise curves in

Figure 4.2(b) seem to provide a better comparison of head-rise

performance of the different compressor builds. The venturi flow

is well "mixed out," with the measured throat wall static pressure

being representative of the passage static pressure. However,

since these curves include losses between the compressor exit and

the venturi meter throat, they involve substantially lower head-

rise values.

Several conclusions regarding the head-rise performance maps .

in Figure 4.2(a) and (b) follow:

e The second stator exit shroud static-pressure based head-rise

curves (Figure 4.2(a)) are approximate indicators of overall

head-rise performance for the compressor. These curves should

be used with great caution only for comparing the different

compressor builds.

* The venturi static-pressure based head-rise curves (Figure 4.2(b))

provide a better comparison of overall head-rise performance for

the different compressor builds. The observed differences, however,

are small. The curves for all four compressor builds are not

shown because they would be difficult to sort out at the graph

scale used.

• The overall and detailed performance data indicate a head-rise

benefit associated with the modified stator configuration.

W*W

- . .'o .• - .% . S. . S.. . .... . . -



wl 60

*The stall-limit flow coefficient is significantly different

between the baseline 1 and the modified 2 builds. (TheW

baseline 2, modified 1, and modified 2 builds have a similar

stall-limit flow coefficient). This difference, although

significant, should not be used to establish definite conclu-

-V.. sions presently since other unaccounted factors might be

4. .- involved.

The overall work-input performance map (Figure 4.2(c)) provides a

~.% ~.comparison of two types of data. The single curve is based on compressor

drive-shaft torque data, and thus shows the overall work-input require-

ment of the baseline 1 compressor build with mechanical losses included.IM

The detailed measurement-based data show the aerodynamic overall work-

input (conventional "ideal" head-rise) of two different compressor

builds at fixed operating points. These data indicate that the aero-

dynamic overall work-input is considerably less than the shaft overall -

work-input. This is, of course, the expected qualitative result.

Quantitatively, the aerodynamic overall work-input is approximately

90% to 95% of the shaft overall work-input. About 5% to 10% of the

shaft overall work-input is due to mechanical losses, i.e., bearing

friction. Because bearing friction is substantial, the shaft overall

work-input curves were unacceptable for comparison of compressor builds.

The day-to-day shifts in the shaft overall work-input curves for a

single build were as large as the differences between builds. The

curve trends for each specific build are, however, very similar. This

consistency in curve trend is useful for establishing a representative

overall efficiency curve for the compressor.
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The shaft overall efficiency curve for the baseline 1 compressor2

build is presented in Figure 4.2(d). This curve is based on second

stator-exit shroud static pressure and shaft torque measurements, and

like the shaft overall work-input curve, is not useful for comparing

builds. The curve is fairly accurate in trend, however, and therefore,

indicates the approximate operating range for peak overall efficiency.

Because they involve aerodynamic performance only, the detailed measure-

ment-based efficiencies (aerodynamic overall efficiencies) are suitable

for build comparisons. The apparent large gain in aerodynamic overall

efficiency associated with using the modified stator configuration

will be discussed later.

In Figure 4.3 is shown the variation of first rotor and first

stator incidence with flow coefficient at mid-span. These data can be

useful in combination with the overall efficiency data (Figure 4.2(d))

'. for estimating the peak aerodynamic efficiency operating point for the

baseline 1 compressor build. In this case, peak aerodynamic efficiency

is expected at a flow coefficient between 0.5 and 0.587. The shaft

overall efficiency begins to drop slightly at flow coefficient =0.55.

However, this shaft overall efficiency curve is distorted relative to

that of the anticipated aerodynamic overall efficiency curve, which

would have had its peak shifted somewhat to the right of that shown in

Figure 4.2(d) because mechanical losses become proportionately larger

relative to the overall work-input as flow coefficient increases.

Considering the above, an estimated flow coefficient of 0.550 (rotor

incidence = 1 deg and stator incidence = 3 deg) is probably close to

the peak aerodynamic efficiency operating point of the baseline 1 build.
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Some remarks concerning the decision to test the different

compressor builds at a flow coefficient of 0.500 rather than 0.550

seem appropriate at this time. The primary consideration in select-

ing this flow coefficient was to test at a flow rate which would

result in distinct and observable variation in the performance

(head-rise) of the different builds while at a reasonably high

(near peak) aerodynamic efficiency. Preliminary overall head-rise

performance data for the baseline 1 and the modified 1 compressor

builds available at the time the flow coefficient selection was

made indicated that 0.5 was a good choice. At this flow coefficient

the approximate overall head-rise curves indicated a significant

head-rise difference associated with the two kinds of stator blades

and overall efficiency values within the "flat" peak efficiency ranges

involved.

4.3. Baseline 1 Compressor Build--Different Flow Rates -

-~ 4.3.1. Design/Off-Design Performance Comparison

Results obtained for two operating points of the baseline 1

compressor build, design (venturi flow coefficient = 0.587) and

off-design (venturi flow coefficient =0.500), are presented and

compared in this section. The sequence of presentation is as

follows:

, rotor, stage, and overall head-rise

. stator loss

O stator incidence and deviation

/4,. ..

; , - . , , , , .- , , - . . - , . - . . ,4.. , - . . . , - . ,., # ., , , - . , , , . . . , • .

' :' ,' ,, % " ,,% % k% ," .% ', ". % .,,, ". . . " ,,, ,. _'. ", . ', ,, " ;" ,' "-",,- " '" " " " " " " " "" " " " "- "' " " ', ",, "- "-""-
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" ideal head-rise, rotor loss, and rotor incidence and deviation

" rotor, stage, and overall hydraulic efficiencies O

" mass-averaged performance

4.3.1.1. Head Rise

Spanwise variations of circumferential-mean head-rise performance 0

are presented in Figure 4.4. Conventional rotor, stage, and overall

head-rise curves are shown in Figure 4.4(a), (b), and (c), respectively.

In Figure 4.5 are shown rotor exit total-head values, normalized by a

single mass-averaged total-head value at the rotor inlet. Figure 4.5

thus provides a comparison of the first and second rotor exit total-head

distributions on a common (constant inlet total-head) basis.

The rotor head-rise data are discussed first. The following

trends can be noted:

" At design flow, the first and second rotors have different

spanwise trends in head rise.

" At off-design flow, both rotors have similar spanwise trends
.q , ;-''

in head rise. -4U

"V. " At both flow rates, the first rotor involves more head rise

than the second rotor over most of the span.

" The spanwise trends in first rotor head rise are different

. . ~for the two flow rates.-..

". The spanwise trends in second rotor head rise are similar

for the two flow rates.

a Near the hub and tip, head-rise values can change abruptly.

The dissimilarity in spanwise trends in head rise for the first

and second rotors at design flow is in contrast to the similarity in

%" %

.-.- W,
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these trends at off-design flow. This deserves further comment.

Figure 4.5 demonstrates how the first and second rotor exit total-head .

distributions over the span of the blades are similar even though the

head-rise distributions may not be. Thus, the spanwise trends in

second rotor conventional head-rise (Figure 4.4(a)) are appproximately 0

similar to the spanwise trends in first stator loss. This conclusion

is best demonstrated in equation form using the definitions of the

rotor head-rise and the stator loss coefficients. The second rotor

head-rise coefficient can be written as follows:

-2 -H2 -
i S 22R 2 IR

to 2 + 4.1
"2R 2 U

2U 2
t t

For similar trends in the distributions of first and second rotor

exit total-head values, the second term on the right-hand side of
S... S.

this equation is approximately constant over the blade span. This

being the case, the second rotor head-rise will vary spanwise as

.-..N the first stator loss does. Exact proportionality does not exist

because the first stator inlet velocity varies over the blade span,

especially near the hub and tip where the second rotor head-rise
"..5

and first stator loss trends become most dissimilar.

% These observations on rotor performance can be summarized:

. " The spanwise trends in rotor exit total-head are similar

between stages for a given operating point.

" These trends differ with flow rate variation.

,.O.

%...

*Sqt S.%
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0 The rotor tends to compensate for variations in the spanwise

distribution of total head at its inlet. That is, the rotor O

exit-flow similarity between stages exists despite the differ-

ences between the first and second rotor inlet conditions.

* There is an approximate relationship between the spanwise 71O-

trend in second rotor head-rise and the spanwise trend in

first stator loss, except near the hub and tip.

Some of these results lend support to the so-called "repeating O

stage" concept as discussed, for example, by Smith [7]. Further, the

relationship between the spanwise distributions of second rotor

head-rise and first stator loss is not unreasonable. The spanwise .

distribution of stator loss is related to the stator blade wake

distribution. Larger stator losses are associated with larger

blade wakes. Thus, larger head rise through the second rotor is Y7,

relatable to larger stator wakes, the implication being that larger

stator wakes can experience more energy addition within the rotor

since wake fluid resides longer in the rotor than does free-stream

fluid. More data supporting this line of reasoning is presented

in section 4.4 of this report.

The stage and overall head-rise performance data (Figure 4.4(b)

and (c)) are discussed next. The stage head-rise distributions are

similar to their corresponding rotor head-rise distributions, but

also reflect the spanwise distribution of stator loss as expected. i

The overall head-rise distributions also have a rotor basis

for comparing spanwise trend. The spanwise trends in second rotor

exit total-head (Figure 4.5) are similar to the spanwise trends of _-__

V.0

. . .-. 4

4.% ..-- - . -
,... - . . . .- -. .. .. . . .-.. . . . ....- - -... . .. .. -. . . . % , . - , -
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overall head rise. Each represent the exit conditions for thea

second rotor and the second stator, respectively. Any difference

in shape of the second rotor exit total-head distributions and the

overall head-rise distributions represents the influence of second

stator losses.

Some general conclusions regarding the head-rise performance

of the baseline 1 compressor operating at two different flow rates I
are now apparent:

A a The spanwise trend in total head, as set up by the first

rotor, does not change significantly for the fluid as it

moves axially through the compressor.

9 At design flow this trend is generally decreasing from hubI

to tip with a peak at 30% span from the hub.

*At off-design flow this trend is generally increasing from

hub to tip with a peak at 80% span from the hub.

'U, These general conclusions can also be drawn from the total-head

contour maps for each blade row exit of the baseline 1 compressor as

presented in Figures 4.6 and 4.7 for the design and off-design flows,

respectively. A peculiar result can be noted at this time. In

Figure 4.6 (design flow), the second rotor exit total-head contour

map indicates two regions of lower total-head within one stator

pitch over most of the span. This is surprising because only one
lower total-head region was expected. This behavior was further

investigated and the results are presented and discussed in

section 4.3.2.

- ~ .' ~oil
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In Figure 4.8, immediately following the contour maps, are shown

two total-head topographic (3-D) maps for the first and second stator

exits at off-design flow. These maps may serve to help the reader

better visualize the stator exit contour maps.

4.3.1.2. Stator Loss

Spanwise variations of circumferential-mean stator loss coeffi-

cients are presented in Figure 4.9. The first and second stator loss

data are presented separately in Figure 4.9(a) and (b), respectively. S

In Figure 4.9(c), data for both stages are presented together for

stage-to-stage comparison p,rposes.

An analysis of the.: graphs reveals several aspects of the base-

line 1 build stator loss performance:

. For each stage, the spanwise trends in stator loss are

similar for design and off-design flows. S

. For each stage, the off-design flow stator losses are greater

than the design flow stator losses.

--. F * In all cases, the stator loss increases from mid-span to

near-tip (90% span from the hub).

. The second stator loss increases from mid-span to the hub

at both flow rates, but more so for the off-design flow

rate. This is in contrast to the first stator loss behavior.

- Near the hub and tip, stator loss can change abruptly,

increasing near the hub and decreasing near the tip.

* At design flow, the first stator loss is greater than the

second stator loss over most of the span, except near the

hub. O

- %. . . . . . . . . . . . . . * . . . ..
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e At off-design flow, the first stator loss is less than the

second stator loss over most of the span, except near the tip. 0:

In the following discussion, much reference is made to the total-

head contour maps presented in Figures 4.6 and 4.7, particularly those

for the stator exits. The stator exit maps are useful for analyzing

the spanwise trends in stator loss. As will become evident, the span-

wise graphs of circumferential-mean stator loss summarize much of the

wake and end-wall flow behavior apparent from these contour maps. It

should be noted regarding the maps, however, that only the gradients

- . in total head are important. Also, only the spanwise trends in stator .-

loss, not the magnitudes of stator loss, are reflected in the spanwise

.4. *-.wake behavior.

Several observations about first stage stator performance can be

pointed out. First, for both flow rates the stator wake has a fairly

uniform width, and a slight increase in depth, from 10% to 70% span

from the hub. This slight increase in wake depth shows up in the stator

loss graphs as a gradual increase in loss. The wakes flare out into a

combined wake/end-wall flow from 70% span to the tip. This results in

a corresponding increase in stator loss. The abrupt increase in stator

loss very near the hub (data at 5% span for off-design flow only) is

associated with a "piling-up" of lower-momentum fluid on the pressure

* . side of the stator blade. Excess lower-momentum fluid is expected in

this region from the hub boundary layer. The "piling-up" is caused by

hub rotation, where the hub is moving to the left as viewed on the

stator exit contour maps.-'-'

d1%

.2 12
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The abrupt decrease in stator loss very near the tip (data at 95%

span for off-design flow only) is somewhat difficult to interpret. S

Actually, a continued increase in stator loss is expected as the tip

.. is approached. This unexpected behavior is probably due mainly to

radial mixing of the flow near the tip. The first rotor head-rise O

... curves in Figure 4.4(a) show a rapid decrease in rotor head-rise near

the tip (95% span). The first stage head-rise curves, however, indi-

cate that this lower head-rise region has expanded towards the "core" rip,

flow to include 90% span at the stator exit. This implies a mixing of

the lower- and higher-momentum fluids at 95% and 90% span, respectively,

as the fluid moves through the stator. Since the stator loss coefficient

parameter does not take into account this radial mixing, the loss com- .'--

puted at the tip is too low, while that near the tip (90% span) is too

high. ,

The second stator loss performance is qualitatively similar to

that of the first stator for the outer half of the span. However,

from mid-span to hub the loss performance is considerably different O

" between the stages, especially for the off-design flow. This differ-

ence between stages is attributed to the second stator hub being

stationary, whereas the first stator hub, as mentioned before, is

. rotating.

The second stator exit total-head contour maps (Figures 4.6 and

4.7) show a substantial region of lower-momentum fluid adjacent to 'S

that stator suction surface near the hub, particularly for the off-

design flow. On the maps the region appears as a group of concentric

half-circles with the center located somewhere very near the hub. 5

.~~~ . . . .. ......

. .. .. . .. ... .. ..

$.. .. . . . . . . . . .
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This region is evidence of a "leakage vortex," the likes of which have

also been observed by others in conjunction with a stationary-blade/ •

stationary-hub gap (for example. see Leboeuf et al. [8]). A leakage

vortex, with its large static-pressure gradient, pulls local lower-

momentum fluid toward its center, resulting in the so-called "solid "

body" image on the total-head contour maps [8]. This region of lower-

momentum fluid is, as expected, associated with an increase in the

second stator loss near the hub. The off-design losses are consider-

ably greater than those at design, and this is consistent with the

size and strength of the lower-momentum regions on the contour maps.

That is, the leakage vortex at off-design is larger in size and

involves a steeper total-head gradient than the one at design.

The "vortex" size comparison between the design and off-design

flows tends to support the contention that the lower-momentum region ,

is indeed a leakage vortex. The off-design flow--being lower than the

design flow--produces a higher loading on the stator blades. Thus,

one expects a stronger leakage at the hub since the flow through the

clearance is driven by the static pressure differences (loading)

" between hub blade-section pressure and suction surfaces.

4.3.1.3. Stator Incidence and Deviation

Spanwise variations of circumferential-mean stator incidence

and deviation angles are presented in Figure 4.10(a) and (b), respec-

tively. These results are discussed primarily as they relate to O

% corresponding stator loss performance. The main points are as

follows:

Id

%O-

K- A q.A"
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e The stator incidence angle at off-design flow (approximately

8 deg) is much larger than the incidence angle at design flow O

(approximately -1 deg).

. There is no definite relationship between the spanwise trends

in stator incidence angle and those in stator loss. "

" Higher stator loss levels can be associated with larger

positive incidence angle values.

o There is an approximate correlation beLween the spanwise

trends in stator deviation angle and those in stator loss.

The stator incidence angle at off-design flow is expected to

be larger than the incidence angle at design flow because the off-

design flow rate is lower than the design value. The larger stator .

V- incidence angle at off-design flow is also expected to result in

a higher stator loss level (Figure 4.9), since, for the kind of

blading design involved [1,91, an 8 degree incidence angle would

tend to produce a higher loss than would a -1 degree incidence

angle.

4.3.1.4. Rotor Performance

Spanwise variations of circumferential-mean rotor performance

data are presented in this subsection. Rotor head-rise is not .

included here since it has already been discussed. Conventional

ideal head-rise (Euler turbine equation based) and rotor loss

curves are shown in Figures 4.11 and 4.12, respectively. Rotor .

incidence and deviation angles are presented in Figure 4.13.

These data are only briefly discussed and are included for com- '

r pleteness and possible future reference.

0 . .. O,
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Several characteristics of the ideal head-rise performance

(Figure 4.11) are noteworthy:

. The first stage spanwise trend in ideal head-rise at design

flow is similar to that at the off-design flow.

* The second stage spanwise trend in ideal head-rise at design .

flow is similar to that at the off-design flow.

. At off-design flow, the second stage spanwise distribution

of ideal head-rise is similar to that of the first stage.

S.. At design flow, the second stage ideal head-rise is substan-

" tially higher than that of the first stage.

Some conclusions regarding rotor loss, incidence, and deviation S

"? follow:

. The first rotor loss curve for design flow is suspect because

it indicates a negative rotor loss. This is probably due to

calculated ideal head-rise, based on measured absolute flow

angles, which was too low in the hub region.

* The spanwise trends in second rotor loss at design flow are "

similar to those at the off-design flow.

o At off-design flow, the spanwise distribution of second rotor

loss is similar to that of the first rotor.

e There is no definite relationship between the spanwise trends

in rotor incidence angle and those in rotor loss.

e There is no definite relationship between the spanwise trends -

in rotor deviation angle and those in rotor loss.

, -. = ~-.2:

• ". ..",-'

I _ - ._i.

~~~~~~~~~~~~~~~.-..-..... %"..".." ".: ...... . . ....%".'."..'..........."...-.. -"---".

.. ... .~~~- .' "% " " " - " " *" 
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4.3.1.5. Hydraulic Efficiency

Spanwise variations in circumferential-mean hydraulic efficiency

are presented in Figure 4.14. Conventional rotor, stage, and overall

hydraulic efficiency curves are shown in Figure 4.14(a), (b), and (c),

respectively. These data, like the rotor performance data, are .

included primarily for completeness and possible future reference.

A few points on the overall efficiency data (Figure 4.14(c)) are

worth mentioning:

* The overall compressor efficiency at the off-design flow is

* higher than that at design flow over most of the blade span.

* The spanwise trends in overall compressor efficiency differ

for the two flow rates.

• The spanwise trends in overall compressor efficiency are

similar to the spanwise trends in overall head-rise (Figure

4.4(c)).

4.3.1.6. Mass-Averaged Performance

Radially mass-averaged data for the baseline 1 compressor build

at the two different flow rates are presented in Table 4.8. The

following comparisons are significant:

* The mass-average stator loss is greater at the off-design

flow than at design flow for both stages.

"r * The mass-average stage efficiency is higher at the off-design

flow than at design flow for both stages.

* The mass-average overall compressor efficiency is higher at .'-%

the off-design flow than at design flow. I.-.

% -. . -. . .

.O.
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Table 4.8. Comparison of radially mass-averaged performance
parameters for the baseline 1 compressor build at
the design (~=0.587) and the off-design (~0.500)
operating points.

Head Rise Loss
Coefficient Coefficient Efficiency

Flow
Coefficient Rotor Stage Rotor Stator Rotor Stage

First Stage

0.500 0.236 0.217 0.045 0.100 0.913 0.840

0.587 0.178 0.160 0.025 0.083 0.926 0.833

Second Stage

0.500 0.226 0.204 0.051 0.116 0.899 0.813

0.587 0.175 0.159 0.063 0.071 0.833 0.760

Ove ral11l

Flow Head Rise
Coefficient Coefficient Efficiency

0.500 0.421 0.827

%0.587 0.319 0.795 
W

% . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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The results listed in Table 4.8 reveal a peculiarity in the

relationship between loss and efficiency. For example, at the off-

design flow the first stage rotor and stator losses exceed those at

design flow, yet the first stage efficiency is higher at the off-

design flow. This apparent discrepancy is resolved by recognizing •

" that efficiency depends on the losses as they relate to head-rise.

The higher first stage rotor and stator row losses at the off-design

flow are accompanied by a greater gain in stage head-rise over that .

at design flow.

4.3.2. First Stator Wake Tracking Through the Second Rotor

R Contour maps of second rotor exit total-head for the baseline I

% compressor build at two flow coefficients (0.587 in Figure 4.6 and

0.500 in Figure 4.7) were presented in the preceding section. As

was pointed out, the map for design flow (Figure 4.6) shows an inter- -

esting feature, namely, over most of the span and within one stator

pitch there are two regions of lower total-head. In contrast, for

the off-design flow (Figure 4.7) only one of these lower total-head

.. regions exists.

When considering the first stator wake/second rotor blade row

interaction, it seems reasonable to expect only one lower total-head -

region per stator pitch. Each first stator blade produces a contin-

uous stream of low total-head wake fluid which enters the rotor row

and is "chopped" into segments (see Smith (101 for a clear explanation

, ' of this concept of wake "chopping"). These "wake segments" are rotated

within the rotor and are thus not reunited at the rotor exit. Upon

O' exiting from the rotor row, these segments move downstream sequentially

%I

,~~~~~~~~. . . .................. ..... .. ....- :.. .. ,L
* -' * -.: e$,b .',"P . , ., . 4 *, 4 . . - .v . '.."''' -,'., -" ;- . ,.. -, ,,- ,, .".", ,,., .". " '
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within a stationary "wake avenue," with one avenue for each upstream

stator. When time-averaged total-pressure is measured at the rotor S

exit, this "wake avenue" is expected to appear as a region of lower

total-pressure relative to the no-stator-wake portion of the rotor

exit flow. Therefore, only one lower total-head region per stator 0

--9. pitch is anticipated. More detailed discussion concerning this type

of stator wake/rotor blade interaction is given by Smith [101, Wagner

et al. [11], and Zierke and Okiishi [121. 0

Several experiments were carried out on the research compressor

to better understand the unusual "two lower total-head region" pattern

.-J observed at design flow. Although most of the data obtained in this

effort were acquired with the modified I compressor build, the general

behavior observed applies to both the baseline and modified configura-

tions. "

The initial experiment consisted of making qualitative total-head

surveys at mid-span of the second rotor exit within one stator pitch,

over the entire range of compressor flow rates at design shaft speed. 6

The results are presented in Figure 4.15.

Figure 4.15 demonstrates that the two-dip (two lower total-head

region) pattern begins to appear at a flow coefficient of about 0.525, .

and remains for all higher flow rates. In general, both dips have

similar magnitudes and move gradually to the right (rotor blades move

left) as the flow coefficient increases. The single dip observed at

-. " 4.., lower flow coefficients also moves to the right as the flow coefficient

in... a--l .- li "  increases. -l-

..9,

*.. %0

.:: .:
..9-4,) .

949°

94. ,-. - . . -" . . . . -"- "- -"- " ,. '- , -' , , - . -"% " - , , . -"-- ,- ' -- , ,•. '. -.-. .
9"" 4 " " " " " " "" " ""; ' . . " ""'' " T ; i"' " "" " " "'
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More qualitative data were obtained next. A specially constructed

stator blade involving a wound heating element was used to produce a

"warm" stator wake that could be tracked through the second stage rotor

with a temperature survey at the second rotor exit. Details about the

procedure and apparatus for obtaining these data were discussed earlier

in the section on experimental procedure.

The variation of second rotor exit relative temperatures with

circumferential extent at mid-span are presented in Figure 4.16.

"Positions I and II" refer to the "warm" blade placement as illus-

trated in Figure 3.3. Figure 4.16(a) and (b) are for flow coeffi-

cients of 0.575 and 0.500, respectively, while in Figure 4.16(c)

the results of three flow coefficients (0.575, 0.500, and 0.425)

are compared. Included in Figure 4.16(a) and (b) are also total- -

head data which provide a means for comparing "normal wake" (no

heating coil) data with "distorted wake" (cold heating coil) data,

in order to ascertain the extent of wake distortion resulting from

the heating coil. A relative temperature distribution is shown

in Figure 4.16(b) for position II data taken with the heating coil

turned off. These data illustrate that any significant increases

in relative temperature are due solely to the fluid being heated

by the coil. .a

At a flow coefficient of 0.575, the wake avenue (region of

higher relative temperatures) extends over most, but not all, of

the stator pitch. By comparing the circumferential wake distor-

tion with the relative temperature distribution, a "corrected"

wake avenue extent can be estimated. This corrected avenue extends

a.0.

"S"

• . . ..•. .. ' .° .- j -% I . -.o a. q"''' .- ° . "-" . ° " 
° - 

. ' a . - °
• ' .''" • . ." . " . L . ,."""'" ' " ,"-, ,,',: - • " ' ,"'.","-"-"." " " " " " """" ""-" " 'a
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Figure 4.16 First stator wake tracking data measured at the .

second rotor exit (50 percent span from hub).
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approximately from 0% to 35% and 55% to 100% of the stator pitch.

Consequently, the region between wake avenues extends approximately 6

from 35% to 55% of the stator pitch at this flow coefficient.

" The wake avenue extent at flow coefficients of 0.500 or less can

also be estimated by a similar analysis of data. From the data of .

Figure 4.15 and Figures 4.16(b) and (c), it is evident that for flow

coefficients less than 0.5, the stator wake avenues overlap, and thus

a region between wake avenues does not exist. At a flow coefficient

-.' *of 0.500, one stator wake avenue extends from approximately 0% to 120%

of the stator pitch. An overlap region between adjacent wake avenues

extends from approximately 0% to 20% of the stator pitch.

Some general conclusions about changes in wake avenue extent and

circumferential position with the flow rate variation are apparent

from Figure 4.16(c):

* The "right-side" (as seen in Figure 4.16(c)) boundary of the

wake avenue clearly shifts to the right (rotor blades move

left) as the flow rate increases.

V, The "left-side" boundary of the wake avenue shifts to the right

-.'-. as the flow rate increases, but in a much less definitive manner

than the "right-side" boundary.

* At lower flow rates, the "left-side" boundary is spread out

considerably (to the left) in circumferential extent.

e The "left-side" boundary becomes less spread out (more definite)

as the flow rate increases.

- The "right-side" boundary maintains a somewhat definite form

over the range of flow rates.

.. 
--.

,..-.... .*. ... * .... ........ ................................... .........-.............-...... ... ......., ..-. ..-..-... .. -. . . ... .
,' , .'. .," " . .,. . . .,... ... ., - , ,' ." . .' -. ' " .. , . . .. '. . , .. . - . . . . . .. ,- - - ,. ,- , .- -
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Figure 4.17(a) and (b) depict an interpretation--based on

previously discussed data--of first stator wake/second rotor blade O

row interaction at mid-span for the two flow coefficients of 0.575

and 0.500, respectively. These drawings are similar to sketches

presented by Smith [101, and, being approximately scaled, show the

location of the circumferential measurement window with respect

to the wake avenues.

The relationship between second rotor exit total-head variation '

and the blade-to-blade and wake-avenue widths is illustrated in .'- ..-"

Figure 4.18. This relationship at the flow coefficient of 0.575

is shown in Figure 4.18(a), while 4.18(b) shows it at the flow

coefficient of 0.500. These drawings tend to illustrate clearly

the previous results and conclusions. ' .

For futher clarification of the observations made at mid-span,

temperature data taken over the blade span were examined. Figures

4.19(a) and (b) represent second rotor exit relative temperature

contour maps for the flow coefficients of 0.575 and 0.500, respec-'-

tively. These two maps should be considered as they relate to the S.

second rotor exit total-head contour maps (Figures 4.6 and 4.7)

discussed earlier. The flow coefficient of 0.575 is not equal to .

the design value of 0.587 (for the total-head contour map). However, .--

the temperature contours at a flow coefficient of 0.587 are not

expected to be significantly different from those at the flow coeffi-"O

cient of 0.575. Also, as shown, some of the temperature contours for

the flow coefficient of 0.500 are estimated, based on (1) the mea-

sured contours, (2) earlier conclusions on the extent of this wake

%
.. - ,.S . .. . .•.. . . . . . .

.. . . . . . . . . . . .~ . . . .. .".._

.. . . .. . . . . . . . . . . . . . . . . . . . .."- ... . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . ..-. .-. . . .... . . . ..',.'-'" " -- -'" . "".-" "-"-. . .'" "'" ".'.. '. -
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Figure 4.17 First stator wake/second rotor blade interaction at
two operating points (~=0.575 and =0.500).
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avenue at mid-span, and (3) the spanwise behavior of corresponding

contours for the flow coefficient of 0.575.

The following observations are based on the second rotor exit

temperature and total-head contour maps:

e For each flow the wake avenue can be divided into two regions:

(1) a "lower total-head sub-region" on the "right-side" portion

of the wake avenue and (2) a "higher total-head sub-region" on

the "left-side" portion of the wake avenue.

*At a flow coefficient of 0.500, adjacent wake avenues partially

overlap from the hub to approximately 70% span from the hub.

The single hub-to-tip valley in total head corresponds to the

"lower total-head sub-region." The region of peak total head

at 80% span is between wake avenues.

*At a flow coefficient of 0.587, adjacent wake avenues do not

overlap at all over the entire span. The hub-to-tip valley in

total head near 20% of the stator pitch corresponds to the

"lower total-head sub-region" of a stator wake avenue. The

second hub-to-tip valley crossing 50% of the stator pitch

.p 4 .Icorresponds to the region between wake avenues. The region of

peak total head from 30% to 50% span corresponds to the "higher

total-head sub-region" of a stator wake avenue. *
*At flow coefficients of 0.500 and less, adjacent wake avenues

partially overlap over most of the span, and a single hub-to-tip

valley in total head exists which corresponds to the "lower

total-head sub-region" of a stator wake avenue.

%. N.V
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" At flow coefficients of 0.525 and greater, adjacent wake avenues

have a region between them which results in the formation of a 0

second hub-to-tip valley in total head in one stator pitch.

" * An explanation of the variation in time-average total-head values

within the wake avenues, and within the spaces between wake avenues,

is beyond the scope of this study. Unsteady flow data would possibly

clarify the physics involved. As pointed out by Zierke and Okiishi

[12], the various kinds of fluid particles involved in chopped wake

flow through a rotor (for example, freestream, stator wake, noninter-

acted rotor wake, interacted rotor wake) have different amounts of

energy. The time-average total head at a point in space within the

measurement window is a measure of the energy of the different kinds

of particles that have passed through that measurement point.

4.4. Comparison of Compressor Builds

The detailed aerodynamic performance results obtained for the

four different compressor builds at one operating point (venturi flow

coefficient = 0.500 and shaft speed = 2400 rpm) are presented, compared,

and analyzed in this section. Those data which most clearly show

effects of stator geometry modification on the flow are emphasized. -.

Two major subsections contained herein are:

1. Presentation and discussion of results

2. Analysis of stator geometry modification effects

. " .. °
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The first major subsection proceeds in the following sequence:

* first stage performance S

• second stage and overall performance

e first/second stage performance comparison

. mass-averaged performance

4.4.1. Presentation and Discussion of Results

4.4.1.1. First Stage Performance

Spanwise distributions of some first stage circumferential-mean ,

performance parameters are presented in Figure 4.20. Conventional

p.. rotor and stage head-rise curves are shown in Figure 4.20(a) and (b),

respectively. Figure 4.20(c) illustrates first stator loss variations,

and Figure 4.20(d) involves first stator incidence and deviation angle

data. First rotor head-rise performance is essentially unaffected by

stator geometry modification. The differences between rotor head-rise .

curves in Figure 4.20(a) are not considered significant. This result

is not surprising, since the upstream effect of the stator modifica-

tion on rotor exit total head is expected to be small for the axial

spacings involved. First rotor exit total-head contour maps for the .

baseline 1 and modified 1 builds are presented in Figure 4.21(a) and

(b), respectively, and they demonstrate that first rotor exit total-

head does not vary significantly with circumferential extent, thus

substantiating the conclusion that stator blade influence on first

IRS: rotor performance is nil. This constancy of first rotor head-rise

performance between builds leads to the impression that the observed

differences in first stage head-rise performance, indicated in

..............
Let * * p .- 7

%. . . . . . . . . . %



121

0.265 1 1 1 1 .
S.

0.255 -

o BASELINE 1
L~MODIFIED 1I
ElBASELINE 2
+ MODIFIED 2

0.245

LU

(C)

Cn 0.235

6 0.225

0.215

0.205 II
0.0 20.0 40.0 60.0 80.0 100.0-

PERCENT SPAN FROM HUB

(a) ROTOR HEAD-RISE

Figure 4.20 Spanwise distribution of first stage circumferential-
mean performance parameters for the different
compressor builds (~=0.500).
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Figure 4.21 First rotor exit total-head contour maps for the
baseline 1 and modified 1 compressor builds (,=0.500).
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Figure 4.20(b), can be directly attributed to the first stator loss

-- performance shown in Figure 4.20(c).

41.

" .-.. The stator loss curves in Figure 4.20(c) suggest a significant

difference in first stator loss performance by the baseline and

-* . modified stator blades. It should be noted (see Table 2.3 and

Figure 2.5) that the two baseline builds, and similarly the two

modified builds, are each pair identical in the first stage.

Therefore, no difference .n stator loss performance is expected

between the builds based on a common stator. The data verify

this, with the differences between baseline 1 and 2, and between

modified 1 and 2 first stator data in Figure 4.20(c) being insig-

nificant.

The difference in spanwise distribution of first stator loss

between each pair of builds can be readily described:

e The baseline stator loss is substantially less than the

modified stator loss from 10% to 50% span from the hub.

e The modified stator loss is somewhat (significantly) less
.' k"

than the baseline stator loss from 70% to 95% span from the

hub, and also at 5% span from the hub.

The first stator exit total-head contour maps for the different

builds are presented in Figure 4.22. These maps allow one to relate

the above observed stator loss behavior for the different build pairs

to the wake behavior of each kind of stator blade geometry. Only a

baseline/modified comparison is made for the first stator; however,

maps for all four builds are included for completeness, and also to

confirm data repeatability.

'i ,%%

n~q!_ _ .o.
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Figure 4.22 First stator exit total-head contour maps for each
compressor build (4-0.500).
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The stator exit total-head contour maps display in some detail

O
the stator exit wake and end-wall flows. On these maps, gradients in

total head are easily discerned from the contours. From these gradients,

the extent of the wake and end-wall flows can be inferred. Because

stator row losses are generated mainly within these two flows, there

exists a good correlation between the observed wake/end-wall region

depth and extent and the corresponding circumferential-mean stator

loss.

The following observations are based on the baseline first stator

exit total-head contour map(s) (Figure 4.22) and the baseline first

stator loss curve(s) (Figure 4.20(c)):

* The first stator wake is uniform in width and gradually

increases in depth from 10% to 70% span from the hub.

Correspondingly, the first stator loss gradually increases.4

e., from 10% to 70% span from the hub.

, The first stator wake flairs out, mostly on the suction side,

into an end-wall flow from 70% span to the tip. There is a

corresponding increase in the first stator loss from 70% to

90% span from the hub. A probable reason for the drop in

stator loss near the tip was previously discussed in section

4.'- 4.3.1.

" Near the hub there is a "piling-up" of lower-momentum fluid4..-- 0
on the pressure side of the stator blade. This is accompanied

by a corresponding abrupt increase in stator loss near the

hub. More detailed discussion concerning this was presented

previously in section 4.3.1.

-.: 2 ..
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A comparison between the baseline and modified first stator exit

"total-head contour maps is shown in Figure 4.23. The following flow-

field differences can be noted from this comparison, and related to

-- corresponding first stator loss curves: o0
- The modified stator wake is substantially wider on the suction

side, and somewhat deeper, than the baseline stator wake from

10% to 70% span from the hub. This is consistent with the --

.. first stator loss curves.

. The modified stator wake is similar in width and depth to the

baseline stator wake at 70% span from the hub. Correspondingly,

the first stator loss is almost the same for both geometries

there.

- The modified stator wake "end-wall flair" on the suction side

* . from 70% span to the tip, is substantially less than that for

the baseline stator. The modified stator wake "end-wall flair"

on the pressure side at both the hub and tip, is somewhat

• greater than that for the baseline stator. However, the net

effect is seen as lower loss in the end-wall regions for the

modified blade than for the baseline blade.

The first stator incidence and deviation angle results (Figure

4.20(d)) are discussed next. Only a few points seem salient:

- There is no recognizable relationship between the spanwise

trends in first stator incidence angle and those in first

stator loss.

e There is an approximate correlation between the spanwise

..-Z trends in first stator deviation angle and those in first

2-1.,7

-'..-...
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Figure 4.23 Map comparing the total-head contours at the first
stator exit for the baseline 1 and modified 1
compressor builds (P 0.500). !7
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stator loss. The modified stator tends to involve less

. deviation angle than the baseline stator in the end-wall

regions.

. The difference between the baseline and modified first

stator incidence angles near the hub indicates some upstream

effect of the stator modification on first rotor exit abso-

lute flow angle, but only near the hub.

4.4.1.2. Second Stage and Overall Performance

Spanwise distributions of second stage circumferential-mean

performance parameters are presented in Figure 4.24. Conventional

rotor and stage head-rise curves are included in Figure 4.24(a)

and (b), respectively. In Figure 4.24(c) are found compressor-

inlet to second-rotor-exit head-rise curves. Because the compressor-

inlet total-head distribution is approximately uniform, Figure 4.24(c)

actually provides an effective comparison of normalized second rotor

exit total-head curves for the different builds. Figure 4.24(d)

involves second stator loss data, and Figure 4.24(e) illustrates

second stator incidence and deviation angle variations.

Results which show how first and second rotor head-rise values

are related were discussed earlier (see section 4.3.1). First and

second rotor exit total-head distributions over the blade span were

shown to be similar, even though the head-rise distributions were

',.. not. Thus, it was concluded that the trends in the spanwise distri-

bution of second rotor conventional head-rise coefficients were

approximately similar to those of first stator loss. A comparison

* of the first stator loss curves in Figure 4.20(c) with the second

% ,"%
. %,b -. % ° • . " ' ° " *o ' 'a ' ' " • ' " " . " . . % . • . " " ' - • ' ' " " " " " - - " " " ' ' - , . - , ' " % ' ' , , ' % • " ' ' " " " , " " " "
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Figure 4.24 continued.
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rotor head-rise curves in Figure 4.24(a) clearly verifies this

relationship. Figure 4.24(c) can also be compared with Figure 4.20(a)

to show the similarity in the first and second rotor exit total-head

spanwise distributions, while also demonstrating the tendency of the

second rotor row to compensate for variations in the spanwise distri-

bution of total head at its inlet.

Second rotor exit total-head contour maps are presented in

Figure 4.25. These maps demonstrate the general similarity of flow

at the second rotor exit for the different builds, and confirm the

trend indicated in Figure 4.24(c).

The second stage head-rise curves shown in Figure 4.24(b) contain

a combination of second rotor and second stator performance information,

and for that reason are difficult to analyze. Fortunately, it is not

necessary to analyze these stage curves since enough useful information

is obtained from an analysis of the second rotor and second stator

flows. However, the stage curves do provide a comparison of the

second stage head-rise performance. As is apparent by inspection

of Figure 4.24(b), the two modified builds perform better in second

stage head-rise than the two baseline builds over almost the entire

span. The large differences between all four builds near the hub

indicate that the second stator hub modifications decrease the near-hub

losses considerably. This is clarified in some detail with the

second stator loss curves (Figure 4.24(d)).

Curves showing the overall head-rise of the compressor for the

different builds are presented in Figure 4.26. These curves are

also closely related to the second stator loss curves. This follows

.. . o.

.'-91-
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Figure 4.25 Second rotor exit total-head contour maps for each
compressor build (p=0.500).
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Figure 4.25 continued.
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from the similarity of all build spanwise distributions of second rotor

exit total-head as shown in Figure 4.24(c).

The second stator loss curves in Figure 4.24(d) show significant

differences in end-wall region loss performance between the different

builds Baseline I and 2 and modified 1 and 2 stator data differences 0

from 30% to 90% span from the hub are not considered significant. The

.significant differences can be summarized as follows:

e The modified stator loss is substantially less than the baseline 6

stator loss from 80% to 95% span from the hub, and also at 10%

span from the hub.

e The modified stator loss is somewhat less than the baseline

stator loss at 30% and 70% span from the hub, and somewhat "'

greater at 50% span from the hub.

* The modified 2 build stator loss is substantially less than

the modified 1 build stator loss at 5% and 95% span from the

hub.

e The baseline 2 build stator loss is substantially less than

the baseline 1 build stator loss at 5% and 10% span from the

hub.

The second stator exit total-head contour maps for the different

." builds are presented separately in Figure 4.27. In Figure 4.28, second

stator exit total-head contour maps are overlayed for more effective

comparison of flow-field differences for the different builds.

Specifically, Figure 4.28(a) compares the baseline 1 and modified 1

builds, Figure 4.28(b) compares the baseline 1 and 2 builds, and

Figure 4.28(c) compares the modified 1 and 2 builds.

L -JO ... 

A-l . . .
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Figure 4.28 Maps comparing the total-head contours at the second
stator exit for the different compressor builds
(0 0.500).
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In comparing the second stator exit flow fields for the different

builds, it is convenient to divide the field into an outer (mid-span
iS.

- . to tip) and an inner (mid-span to hub) flow portion. This is done

- mainly because the second stator eyit outer portion flow field is

similar to the first stator exit outer portion flow field for each

build pair with a common stator geometry. Most of the baseline/modi-

fied differences observed for the first stator outer portion flow

field also apply for the second stator, although only qualitatively.

The following characteristics about the second stator exit

outer portion flow field and the corresponding second stator loss

distributions can be noted:

- The second stator exit baseline/modified stator data differ-

ences (Figure 4.28(a)) are significantly larger than those

for the first stator exit (Figure 4.23). Correspondingly,

the baseline/modified second stator loss differences are

larger (Figure 4.24(d)) than those for the first stator

(Figure 4.20(c)) from 70% to 95% span.

e The baseline 1 and 2 builds have similar second stator

exit outer portion flow fields (Figure 4.28(b)). The

corresponding second stator loss distributions are similar

(Figure 4.24(d)) from 30% to 95% span.

e The modified 1 and 2 builds have similar second stator exit

outer portion flow fields (Figure 4.28(c)). The corresponding

- second stator loss distributions are similar (Figure 4.24(d))

from 10% to 90% span. -,

4L.O

'4* : :-:
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for the different builds (Figure 4.27) varies considerably. This

corresponds to the noticeable variation in near-hub losses observed

for the different builds (Figure 4.24(d)). Also, unlike the outer

portion flow field, the second stator exit inner portion flow field

is very different from that of the first stator. This difference ...

is due to the second stator hub being stationary, while the first

stator hub is moving.

The baseline 1 and modified 1 builds both indicate a substantial

region of lower-momentum fluid adjacent to the second stator suction

surface near the hub. This region was discussed earlier in some

.$r.'. detail in section 4.3.1, where it was considered to be a "leakage

vortex."

The following conclusions about the second stator exit inner

portion flow field and the corresponding second stator loss distri-

butions can be noted:

o The baseline I build leakage vortex is substantially larger -

than that of the modified 1 build (Figure 4.28(a)). Corre-

spondingly, the baseline I build second stator loss is

substantially greater than that of the modified I build at

5% and 10% span from the hub (Figure 4.24(d)).

. The baseline 2 and modified 2 builds eliminate the leakage

*vortex (Figure 4.28(b) and (c)). Correspondingly, the

baseline 2 build second stator loss is substantially less

than that of the baseline I build at 5% and 10% span from

the hub. Similar loss behavior is seen for the modified 2

_ SUL
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and modified 1 builds, but only at 5% span from the hub

(Figure 4.24(d)).

- The baseline 2 and modified 2 build second stator wakes are

approximately symmetrical about the mid-span. The baseline 2

build second stator wake is narrow over the mid-span and

flairs out on its suction side near the hub and tip. Con-

versely, the modified 2 build second stator wake is relatively

wide on its suction side over the mid-span and becomes narrower

near the hub and tip (Figure 4.27). Correspondingly, the

baseline 2 build second stator loss is less than that for

the modified 2 build at mid-span, and is greater than that

for the modified 2 build near the hub and tip (Figure 4.24(d)).

The second stator incidence and deviation results (Figure 4.24(e))

are similar to those for the first stator. Thus, most first stator

coments made earlier apply again.

4.4.1.3. First/Second Stage Performance Comparison

Graphs useful for comparison of first and second stage performance

data are provided in this subsection. The graphs are arranged into

three groups:

1. Conventional head-rise and stator-related performance data

in Figure 4.29

2. Ideal head-rise and rotor-related performance data in

Figure 4.30

3. Hydraulic efficiency data in Figure 4.31

Most of these figures are not discussed, but are included for

completeness and possible future reference.

A.:
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Figure 4.29 Spanwise comparison between first and second
stage circumferential-mean performance parameters
for the different compressor builds (~0.500).
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Figure 4.30 Spanwise distribution of circumferential-mean

rotor performance parameters for the different

compressor builds ( -0.500).
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Some trends in conventional head-rise and stator loss are worth

mentioning:

" For all builds, the first rotor and stage head-rise values

are higher than those of the second stage over most of the

span, the exceptions, occurring near the hub and tip (Figure .

4.29(a) and (b)).

, The modified builds are somewhat close in head-rise performance

between stages from 10% to 50% span from the hub. The baseline 6

builds, conversely, are quite different in head-rise performance .

between stages over the entire span (Figure 4.29(b)).

* For all builds, the first stator loss is less than the second

stator loss near the hub, whereas the opposite is observed

near the tip (Figure 4.29(c)).

, * The stator loss values are generally similar between stages

for the modified builds, whereas they differ considerably

between stages for the baseline builds (Figure 4.29(c)).

Ideal head-rise (Figure 4.30(a)), rotor loss (Figure 4.30(b)),

and hydraulic efficiency (Figure 4.31) ire affected considerably

(see Figure 4.1) by the uncertainty in absolute flow angle measure-

ment. Therefore, care should be exercised when drawing conclusions

from these figures. Several general conclusions follow:

. ' e Rotor loss is nearly constant over most of the blade span

(Figure 4.30(b)).

e The rotor deviation angles (Figure 4.30(c)), like rotor loss

data, are nearly constant over most of the blade span.

loop..
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Figure 4.31 Spanwise distribution of circumferential-mean
hydraulic efficiencies for the different comn-
pressor builds (~0.500).
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o The values of rotor loss (Figure 4.30(b)) are substantially

less than those of stator loss (Figure 4.29(c)) over most

of the blade span.

. The rotor efficiency curves (Figure 4.31(a)) reflect trends

in the rotor loss curves (Figure 4.30(b)).

0 The overall efficiency (Figure 4.31(c)) is nearly constant

over most of the blade span for all builds. The modified 1

and 2 builds have higher overall efficiencies than does the

baseline 1 build near the hub and tip.

4.4.1.4. Mass-Averaged Performance

Radially mass-averaged data for the different compressor builds"-.-

are presented in Table 4.9. Of particular interest are the stator

loss and overall efficiency data. Clearly, the modified stator

overall efficiency is higher than the baseline stator value. The

first stator loss values indicate a higher loss for the modified

stator than for the baseline stator. The second stator loss values,

however, reveal a higher loss for the baseline stator than for the

modified stator. These results are consistent with the spanwise

stator loss data presented earlier.

4.4.2. Analysis of Stator Geometry Modification Effects

The aerodynamic effects of three basic stator geometry modifica-

tions are analyzed in this section:

e symmetrical leading-edge sweep

e sealing of the clearance gap at a stationary end wall

e large corner fillets
- %

W
% .

4rV": " 
%-.,.

. .*1 , .""""S ,-"-"-" . .- "."-"- , ." "-" ,"-"--," "-".--' '-'." - '-.- ' ' ,--- --.. " ' ' ' " - ".."-



opr.4 .0-747 77F. ~4 *.4

'.4- 172

0i r- )' In %0 m 0n

(a 00 1 00 00 00 100 00

u En2 0 00 00 4%*

cu4-4 LO~ N1 00 00 00
$.4 4.4 $4 N 0 m~ tI 00

v 0 l1 a I (D-4 u

44 0. 0 00V

4.4
.%

0 a C4 cn -4 Lf) V IT0

4-4 ( 0 -4 -4 -

414

6.q . U 0 4-4

to (U fr- cn LO 0 00U
144 0 S-i -t 0 0 000 ".4 4
mU u. 0 414 LfI-t. ~ -QJ

010 0a0 44 T T -T-:
4,-0 0 4-4 . . .J4 4.. .4r~

0 0)a 0 0 0 a ~~e~
'U 00 0' 0 0

% 0 1- N \O0 m rn 14 m 0) -4 -0 U
44 ri) 4. 1 * N 41 r- L C4 I -4 (n

%~~~~~ ~u 14u0 4C4 1 1 D0 (U o -
4) *-4 41 t N NNN N 1C4N N C4 w

-4 41 w 93 4.4 -1 0PC

.,4 4 $4. 0

1-i 0 M44

*444 U0 0 (A0 4)

000 rl r4 ONLn400

.4- 001 14 00

.'.4-4 00~ 000001. r
MU 00 00'O 4n %D 0

10 1mN N C4C4N C
4 

4 N
m V (U) 'U 44.) .
w4.. to4 ) E C; 00 0 0 0

-~~ ~ a 04~(IN N

w ~ 4 4 . *- ,

U)~~". to0 wLM 4L 4,0 -4 N-
0r40 u 0 m I I 4H C- C

$1 0 10 0 4)o

04 .- NC' N NC ; 4 .4

.4.4 -4. -44 444.

4. % e.

-. -44*** * -A -,4 -, , -

4) -4 44 .44 -44 -*4 44 t*. -4 -4 4*4.44-4

r- 0 .4. V. 4H-.4 ) H

.0 m (A4 rA 1044 *1 4.440' (a rA 0 "a



173 -

Expected effects of these types of stator geometry modifications

are compared with the experimental results.

Symmetrical sweeping of the stator leading edges was done in

this research project primarily to reduce stator blade suction-

surface/end-wall corner losses by drawing higher-momentum fluid

into those corner regions. The well-known beneficial effect of

leading-edge sweep in reducing the Mach number component normal

to the leading edge is not realized in low-speed flow research,

and so was not considered in this project. The basic aerodynamics

involved can be briefly described in the following way. Consider

the static pressure distribution generated on and near the blade

surfaces, particularly on the suction surface near the blade/end-wall

corners. By extending the blade chord near the end walls, a lower-

pressure region is generated on the suction surface of the extended

section, which tends to draw the main flow toward the blade suction-

surface/end-wall corner [13]. Normally, the pressure decrease on

the extended suction surface is greater than the pressure rise on the

pressure surface so the net effect is beneficial. The flow of

higher-momentum fluid into the corner region reduces the thickness

of the corner boundary layer, and thus the corner loss.

Reduction of blade/end-wall corner losses was also the objective

in using large corner fillets; the function being to lessen inter- :d. .

ference drag and corner boundary layer growth. This idea stems from

aircraft design experience with the fillet geometry at a wing/fuselage

juncture [14,151. The expected results of this modification in the

present study, however, were uncertain since only low-speed flow was
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involved. As Debruge [151 notes, it is possible for the large corner

fillets to produce more loss than the small ones, particularly when

a constant fillet radius is used around the entire airfoil circum-

ference.

The sealing of the second stator/hub clearance gap was actually

a modification resulting from the addition of large corner fillets

at the hub for the modified stator blade geometry. However, after

comparing results for the modified I and 2 builds, it was decided

that additional useful data might be obtained by testing the base-

". line stator configuration with the second stator/hub clearance gap

sealed. Thus, the effect of sealing a stationary blade/stationary

end-wall clearance gap is apparent from the experimental results.

Without sealing there is evidence of a substantial leakage vortex

, at the second stator exit hub (baseline I and modified I builds,

Figure 4.28(a)), whereas with sealing, this leakage vortex is no

longer present (baseline 2 and modified 2 builds, Figure 4.28(b)

and (c)).

The experimental results show that symmetrically sweeping the

stator blade leading edges affects the flow as anticipated. The

previously discussed stator exit contour maps (Figures 4.23 and

4.28) indicate that the modified stator produces a flow field with

:-,.'substantially more higher-momentum fluid in the stator suction-

surface/end-wall corners. This is accompanied by a small, but

significant, reduction in higher-momentum fluid in the stator

pressure-surface/end-wall corners. The increased flow into the

suction-surface/end-wall corners, however, is associated with a

Z7.
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noticeable mid-span thickening of the stator wake on the suction

side. This would seem to indicate a radial migration of lower-

momentum boundary layer fluid from the stator suction-surface/end-

wall corners toward mid-span, since the baseline and modified

stators should have similar mid-span profile losses (equal chord

lengths and similar blade profiles at mid-span). The data further

indicate that at a stationary blade/stationary end-wall clear-

ance gap the stator leading-edge sweep is beneficial in reducing

the strength of the leakage vortex (Figure 4.28(a)). This seems

reasonable in view of the foregoing discussion. The stator

blade/end-wall corner flows produced by the symmetrically swept

stator leading edge oppose the leakage-vortex flow.

Several factors should be considered when analyzing the stator

loss performance of the baseline and modified builds:

* The modified stator has a longer blade chord, and thus higher

solidity, than does the baseline stator except at mid-span

where they are equal. Thus, higher profile losses are

expected for the modified builds, especially near the hub

and tip.

o If the modified builds are to have less "total" stator loss

than the baseline builds, then the potentially higher modified

stator profile losses must be compensated for by substantially

lower end-wall losses.

e The experimental results obtained are for relatively low

Reynolds number and Mach number levels.

*%

%.

,°- ° .o, . . . . . , . -. % - • - ° . - . . - - . ° - .. ° ° -. • . . , ° . . - . • ° " ,



7RL R4 793 STATOR BLADE'ROW GEOMETRY MODIFICATION 
INFLUENCE ON 3/7

TWO-STAGE AXIAL-FLOW..(U) IOWR STATE UNIV AMES
ENGINEERING RESEARCH INST D L TWEEDT ET AL. DEC 83lUNCLASSIFIED ISU-ERI-RMES-84179 RFOSR-TR-84-04i8 F/G 21/5 NL

IIIIIh~lEEllEE
EEEEEElllllEEE
EEllEllllhEEEE
EEEillhlllE-



I. *-* -,. -. .

-;4-

4L4

4Q6

.4'

ibi

p.-

%' 

,II

'-'-1.25 1 36

...

p..11MICROCOPY REOLT OTS CAP

*-'4

.4.n
4-4-1 

4..: 

, . " , ' "'"e
° % , - ° ° - - . ' , -  

- - - " - - , - . . . . ."

,.: ,.. . .', ., .. ,4 . .y ,.,,.,; ,: " ... . . ','.' ,,,. ."...... . . ..... . . . -. ' ... .. ., - , . . . . . .

.4. ' " " . . . . .* ." "_ ' ,' ,4..



. . .. v- 4.

176

" The proportion of profile losses to end-wall losses may be

considerably different at higher Reynolds number and Mach

number levels.

As Table 4.9 indicates, the modified stator performed with higher

mass-averaged (total) loss in the first stage and lower mass-averaged

(total) loss in the second stage than did the baseline stator. How- j
ever, the modified first stator might also have performed better

than the baseline first stator if the expected profile losses were

similar, insteafi -f the mid-span chords. The better loss performance

of the modified stator in the second stage is a strong indication

that symmetrical leading-edge sweep is beneficial to stator loss

performance. Also, the improvements in loss performance realized

by symmetrically sweeping the stator leading edges may be greater

where higher Reynolds number and Mach number levels are involved.

The experimental results do not show significant effects from

%! using large corner fillets. The substantial improvement in second

stator suction-surface/hub corner flow (Figure 4.28(c)) is considered

to be primarily an effect of sealing the clearance gap. There is

some evidence of a loss decrease near the casing end wall due to

* large corner fillets (Figure 4.24(d)), but the results are not

conclusive. This general result, however, like the results con-

cerning symmetrical leading-edge sweep, should be considered with

"*' Reynolds number and Mach number effects in mind.

,~ .'- i.
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5. CONCLUSIONS

Aerodynamic performance testing of four different builds of a

two-stage axial-flow research compressor was accomplished in an effort

to determine the effects of stator geometry modifications--symmetrical O

leading-edge sweep, large corner fillets, and hub clearance sealing--on

flow management. An off-design operating point was selected for this
%7.

comparative testing. Thus, a comparison of the baseline 1 compressor I ,

build performance at design and off-design operating points was also

completed.

Substantial stator exit flow-field changes attributable to

symmetrical sweeping of each stator leading edge were observed. These

stator exit flow-field changes could be correlated with changes in the

spanwise distributions of stator loss. The data clearly indicate that

stator leading-edge sweep produced an increased flow of higher-momentum

fluid into the stator blade suction-surface/end-wall corners with a IL,
resulting decrease in loss near the end walls. The increased flow

into the stator suction-surface/end-wall corners, however, was accom-

panied by a substantial thickening of the stator wake (mainly on the

suction side) over the mid-span portion of the blade with a resulting

increase in loss there. Considering the above two changes together,

it appears that symmetrically sweeping the stator leading edges

induces an increased flow of higher-momentum fluid into the stator

suction-surface/end-wall corners with an accompanying radial migration

of stator suction-surface boundary layer fluid away from the end

walls toward mid-span. The net effect of this secondary flow seems I..
•~
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to be a reduction in stator blade loss, especially so in the case where

the stator hub is shrouded. For the case of a rotating stator hub,

the hub-region flow behavior is less certain, but the data show a sub-

stantial deterioration of stator loss performance from mid-span to

near-hub in going from the baseline to the modified stator.

No definite conclusions could be drawn from the data concerning

large corner fillets. However, the data do indicate a slight decrease

in stator loss near to the casing end wall. It is important to realize

that the effects of stator fillet geometry and symmetrical leading-edge

sweep may be largely affected by the levels of Reynolds number and

Mach number involved. Qualitatively, these stator geometry modifica-

tions could be expected to improve stator loss performance more for

higher Reynolds number and Mach number flows. -

A curious result (peculiar total-head variations)--realized when

comparing the performance of the compressor at different flow rates--

led to the study of first stator wake movement and dispersion through

the second rotor blade row. For compressor operation at lower flow

rates, first stator wake avenues observed at the second rotor exit

extended circumferentially over more than one stator pitch, resulting

in adjacent avenues partially overlapping with each other. At higher

flow rates these wake avenues did not overlap, but instead were with a

narrow (no stator wake) region between. It was also observed that

these wake avenues changed in circumferential extent with spanwise

location, particularly near the tip where they became narrower. These

basic differences in rotor exit wake avenue interaction provided a

*L x
?V 4  .
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reasonable explanition of the unusual second rotor exit total-head

variations noted.

Some recommendations for further related research are in order.

In the immediate future, it is recommended that time-average perfor-

.*.- mance testing involving the different compressor builds continue at

the maximum efficiency flow rate and at the design flow rate. Utili-

"* zation of surface and through-flow flow visualization techniques could -:

. prove useful. These techniques may allow changes in the stator flow

field produced by the geometry modifications--particularly symmetrical

leading-edge sweep and clearance sealing--to be more clearly understood.

A final recommendation concerns stator solidity. For the present

program, the mid-span stator solidity was kept constant between the

baseline and modified stators, resulting in higher hub and tip solidi-

ties for the modified stators. However, if an "average" solidity was

maintained constant between the baseline and modifed stators instead,

a truer stator loss comparison could result since expected profile

losses would be similar. That is, the relative effects of symmetrical

leading-edge sweep on stator loss over the blade span could be more

directly compared.

W . ...

"3.' ]-"'-"-
"- " ". • " '. "- - - " " '- '-." - " "- - "- '- - "- - " " " "-' - " "- "- - " - . - "- '- -' '," " "- %. -" .'' ' '- ." - .- .-'. .-

- 5% . " .. ' -. ,o . ' .. ; .o ,- -. '
.

'," -.. ' ,' ..-.-. " -.-... ' ' ' ' " -. " - - " - .,. ' . .,.,_ ', ,--,% ,L '-" . " J



181 "41

6. REFERENCES

1. Hathaway, M. D., and Okiishi, T. H. "Aerodynamic Design and

Performance of a Two-Stage, Axial-Flow Compressor (Baseline)."

ISU-ERI-Ames-84178, TCRL-24, December 1983.

2. Morgan, B. D. "A Water Column Balance Pressure Reference System."

Unpublished Report. Department of Mechanical Engineering, Iowa ...

State University, Ames, Iowa. 1979.

3. Greville, T. N. E. Theory and Applications of Spline Functions.

New York: Academic Press, 1967.

4. Wylie, C. R. Advanced .ngineerin- '. thematics. New York:

McGraw-Hill Book Company, Inc., 1975.

5. Kline, S. J., and McClintock, F. A. "Describing Uncertainties

in Single Sample Experiments." Mechanical Engineering, 75

(1953) :3-8.

6. Moffat, R. 3. "Contributions to the Theory of Single-Sample

Uncertainty Analysis." Transactions of the ASME, Journal of

Fluids Engineering, 104 (June 1982):250-260.

7. Smith, L. H., Jr. "Casing Boundary Layers in Multistage Axial-

Flow Compressors," in Flow Research on Blading, L. S. Dzung,

ed. New York: Elsevier Publishing Company, 1970.

8. Leboeuf, F., Bario, F., Boris, G., and Papailiou, K. D. "Experi-

mental Study and Theoretical Prediction of Secondary Flows in a 6

Transonic Axial Flow Compressor." ASME Paper No. 82-GT-14, 1982.

9. Johnsen, I. A., and Bullock, R. 0., eds. "Aerodynamic Design of

Axial-Flow Compressors." U.S. NASA SP-36, 1965. ---

• . ,-. •~~~. . .:.... .... . ...... ..... : •..
,.......-...-........-. . ..... .............

'e - - .- .' . • , . .-. .- . .. . ., .. .° .'- .- .. - - . . -, .. - -.% . "-.. - .i



S . . ." . -" .

182

10. Smith, L. H., Jr. "Wake Dispersion in Turbomachines." Trans-

actions of the ASME, Journal of Basic Engineering, 88D (September

1966) :688-690.
-. , .-. ;

S. 11. Wagner, J. H., Okiishi, T. H., and Holbrook, G. J. "Periodically

Unsteady Flow in an Imbedded Stage of a Multistage, Axial-Flow

Turbomachine." Transactions of the ASME, Journal of Engineering

for Power, 101 (January 1979):42-51.

12. Zierke, W. C., and Okiishi, T. H. "Measurement and Analysis of

Total-Pressure Unsteadiness Data from an Axial-Flow Compressor

Stage." Transactions of the ASME, Journal of Engineering for

Power, 104 (April 1982):479-488.

13. Senoo, Y., Taylor, E. S., Batra, S. K., and Hinck, E. "Control

of Wall Boundary Layer in an Axial Compressor." Gas Turbine

Laboratory Report No. 59. Massachusetts Institute of Technology.

June 1960.

14. Wennerstrom, A. J. "Experimental Study of a High-Through-Flow

Transonic Axial Compressor Stage." Paper scheduled for presen-

tation at the 6th International Symposium on Air Breathing

Engines, 6-10 June 1983, Paris, France.

15. Debruge, L. L. "The Aerodynamic Significane of Fillet Geometry

in Turbocompressor Blade Rows." Transactions of the ASME, Journal .'-.

.. '. " P-e9
of Engineering for Power, 102 (October 1980):984-993. *...'

a -, .....,

S.'<. -...

.. ... . .5-
p ,- " - ,- ,_ , , °,-~.-.. . . . .. . .-.-.-.. . . . .'. ''..... . .°,... ,.... .. " " ... .- ... -"-' ,.•-. -.

- . -S , *5",' "- W... . . . . . . . . . . . . . . . . . . ..
, ' : ; "

.... . . . . . . . . .. - .- - •" > ; " " " " " .. . . . . . " ' " " "



183

7. ACKNOWLEDGMENTS

The authors are grateful to their colleagues of the Iowa State

University Engineering Research Institute/Mechanical Engineering

Department Turbomachinery Components Research Laboratory for their "

helpful comments and assistance throughout. In particular,

Mr. Jeffrey L. Hansen is appreciated for his help in obtaining

some of the data. We remain indebted to Mr. Michael D. Hathaway -

for his fine related work. Mr. Leon Gerard and his associates

are remembered for their dispatch of machining duties. To the

staff of the Iowa State University Engineering Research Institute

Office of Editorial Services and especially the technical editor

and illustrators we offer thanks for patience and expertise.

Finally, we sincerely acknowledge the support of the Air Force

Office of Scientific Research (James D. Wilson--Contract Monitor)

and the encouragement of George K. Serovy of Iowa State University

and Arthur J. Wennerstrum of the Air Force Aero Propulsion Labora-

tory.

-'4-.. i"

4

-

-p ,. --..
4"" ".

. -. .'.'-



185

8. APPENDIX A: USER DEFINED CORRELATONS FOR NASA DESIGN CODE

Advanced compressor design codes frequently require the user to

input various empirical correlations such as blade losses, incidence-.

and deviation angle correlations, and annulus-wall blockage factors.

The various user-defined correlations required as input to the NASA

design code are presented in this section. The actual tabular input ~*-

to the design code is given in Appendix B. The variables used in

the correlation parameters are defined in the symbols and notation

section.

8.1. Blade Loss

The blade loss correlations used are illustrated in Figure 8.1.

The loss curves are typical of annular cascade tests of double-circular-

arc blades. The correlating parameters are:

9 Loss parameter y 2 =approximate measure of blade wake
momentum thickness to chord ratio.

where a c/S

V2  (rV) (rV)
0D-factor 1 + 2y

V (r1 + r)V 1

e Percent span from hub

The trends shown are similar to those indicated in Figure 203 of @

Reference 9.
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Figure 8.1 Blade loss correlation curves used in

NASA design code.
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8.2. Incidence and Deviation-Angle

The design code provided several options for the incidence and

deviation angle correlations. A two-dimensional incidence angle

correlation was considered suitable for the baseline compressor0

design. Carter's rule was selected for the deviation angle corre-

lation. Bath correlations are described below.

The incidence angle correlation is described in Chapter VI of

Reference 9 in the form of:

0

where n is obtained from Figure 138 of Reference 9 as a function of

ay and K 1

e = blade camber angle

i (K.) s (K ) (i 0) 10 incidence angle for zero camber

where

(o10is obtained from Figure 137 of Reference 9

(K s= 0.7 for double circular arc blades

(Ki~ is obtained from Figure 142 of Reference 9 as a
.5't

function of t /c
max

The deviation angle correlation (Carter's rule) described in

Chapter VII of Reference 9 is

6 _ m 04

'VT
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where m c is obtained from Figure 160 of Reference 9 for circular arc
blades.I

PIP,
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9. APPENDIX B: NASA DESIGN CODE RESULTS "i

The output from the NASA design code is presented in the following

tables. Table 9.1 lists in tabular form all input parameters and user

defined correlations required for the design code analysis. Table 9.2 "

lists the aerodynamic output (e.g., velocity triangle information, .-

blade element performance, etc.) for 11 streamlines at each axial ""

computation station. The NASA design code gives the streamline radial ,

positions as a percentage of the blade span measured from the shroud

end-wall, whereas, the convention used for all data figures in this

report is percent span measured from the hub end-wall. Table 9.3 lists tO

the stage and overall mass-averaged aerodynamic performance parameters.

Table 9.4 lists the manufacturing coordinates at 17 spanwise locations

for the modified stator blade. Only the first stage stator blade manu- ;

facturing coordinates generated from the NASA design code are given as

they were used for both stages of the modified compressor. Figure 9.1

shows a representative stator blade section and associated manufactur-

ing coordinate nomenclature.
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10. APPENDIX C: PARAMETER EQUATIONS

The equations used for computing the time-averaged flow quantities

'-a*and performance parameters are presented in this appendix. Sign conven- I
tions are shown in Figure 10.1. Circumferential-mean and radial mass-

average parameters were computed using a spline-f it integration scheme

10.1. General Parameters

10.1.1. Basic Fluid Properties

2
Barometric pressure, N/in

at hg ~~ (1.0 -0.00018 (t -273.15)) yh@70

(10.1)

3
Density of air, kg/in

a.. P

R tm (10.2)

Specific weight of water, N/rn

92  = (96.86224 + 0.1768124( t -459.67) 2.64966

10 3 io t -459.6 7)2 + 5.00063 x 0 6 (9t -459.67)3)

(10.3)

a..' PREVIOUS PAGE
S BLANK

% ..

A .
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ROTOR N N V, 1z W

N U

VN
VN

V~ Vy

-~~ Ui

K 1  12

STATOR

/V

y 2-

VV

* ~y,2

Figure 10.1. Notation and sign conventions (all positive except
as noted) for flow-field parameters.
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10.1.2. Spanwise Measurement Location

Percent passage height from hub:

=r -0.14224 (04
0.06096 x10

10.2. Flow-Field Parameters

10.2.1. Point and Circumferential-Mean Quantities

Total head, N-in/kg:

H=-(10.5)

p

and

(S

H f H dY (10.6)H 0
So

Absolute flow angle behind rotors (see Figure 8.1 for sign convention),

degrees:

f4 ~dY (07

SS

degrees:

Py AY jars P dY (10.8)
fs ars

fs

% %%
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Casing static head, N-rn/kg:

Aw~ 0
2 (10.9) .w p *

and

S

h L h dY (10.10)
w S 0Ow

S

Static head (radial equilibrium equation), N-rn/kg:

d y (10.11)

Absolute fluid velocity, m/s: S

V =r( (10.12)

and

V - Vf5 S (10.13)

Blade velocity, in/s:

nr(P= I (10.14)

30..

Axial component of absolute fluid velocity, m/s:

V =Vcos (10.15)
z y
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and

V Vcos (10.16)
z y

Tangential component of absolute fluid velocity (see Figure 8.1 for

sign convention), m/s:

V Vsinp (10.17)

and. .

V =Vsin (10.18)
-~y y

Tangential component of relative fluid velocity (see Figure 8.1 for

sign convention), m/s:

V U-V (10.19)

y y

and

V =U-V (10.20)
-,y y

Relative fluid velocity, m/s:

'2 -2V = (V) (V) (10.21)
y

and

V = V 2 ~~2(10.22)
y %
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* Relative tangential flow angle (see Figure 8.1 for sign convention),

degrees:

y =ta (10.23)0

yy
andani(1 (10.24)

Incidence angle for rotors (see Figure 8.1 for sign convention),

degrees:

i y1, K, (10.25) 1

R y4, ,

4- Deviation angle for rotors (see Figure 8.1 for sign convention),

degrees:

4 ~,2R KR (10.26)
R ,2R ,

Incidence angle for stators (see Figure 8.1 for sign convention),

degrees:

is - K (10.27)
p Y",s lis

N A
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Deviation angle for stators (see Figure 10.1 for sign convention),

degrees:

-K (10.28)
y,2,S 2,S

Flow coefficient:

-4V

Z (10.29)

*10.2.2. Global Parameters

3Venturi volumetric flow rate, m /S:

Q 0.05229 F 21.0vY pv (1.0

Venturi flow coefficient: .-

AUt (10.31)

* - . %

Integrated volumetric flow rate at each axial measurement station,

Q 2n rdr (10.32)

Integrated flow coefficient at each axial measurement station:

40 ~AU (10.33)

t
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Integrated and venturi flow-coefficient comparison, percent:

FCC= a 0 (10.34)

General radial mass-average parameter equation (let be any general

parameter):

rI t
r V d

h(10.35))

h ~r dr 'C

4' 10.2.3. Performance Parameters (Based on Kiel and Cobra Probe Data)

4.- (H -HActual total-head rise coefficient for rotor:

(2,R H ,R
2 (10.36)

t

Actual total-head rise coefficient for stage:

tlsag 1,~ -HR) (10.37)
U2
t

Actual total-head rise coefficient for overall compressor:

~overall -( 2  2 lR 1.8

%1". N %.
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Ideal total-head rise (aerodynamic work-input) coefficient for

rotor:

U(V -v V
--.7R y,, (10.39)

Ut

Ideal total-head rise coefficient for stage:

41i,stage %pi,R(1.0

Ideal total-head rise (aerodynamic work-input) coefficient for overall

compressor:

'i,overall ='i, iR + 1i2R(1.)

Hydraulic efficiency for rotor:

= ~'R(10.42)

Hydraulic efficiency for stage:

Pi

* . ~'istage
n1 taestage (10.43)

Hydraulic efficiency for overall compressor:

_ r)erl (10.44)A. overall tPi
-p. i ,overall4%

P s. 
P - .
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Total-head loss coefficient for rotor:

U2  "
t"iwR = 2(i,R (10.45)

( V 1  ." .

Total-head loss coefficient for stator:
-I 

-.

- (H2 ,S i's (10.46)
WS

""'"" ~(V1 S 2
-"

10.2.4. Overall Performance Parameters (Performance Map Parameters)

Cross-section average absolute velocity at the second stator

. exit assuming zero swirl, m/s:

V 2,2S A (10.47) -

Cross-section average absolute velocity at the venturi, m/s:

= QV
V =- (10.48)

v A
v

Cross-section average total-head at the second stator exit assuming

constant flow passage annulus static-head, N-m/kg:

=2
VI

H = - 2,2S (10.49)
2,2S w,2,2S 2

01'.4 .4.-:'. . . . 5 . . . . ... - .
.''"" 2"" '"

° ' "  
''" - .- '. "2' "-". . ' . ".."° ". ' ."'° .'''' . ,''. ' ."-. ."..° - , "-' '- '-,"-- ."*-" " . "1 .".,.5-, ;'' , '""' . - ' '-.V % . , :.,... '-. '-'-' -. : 'V '""'-". , .. .""'V ''',
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Cross-section average total-head at the venturi assuming constant

venturi flow passage static-head, N-rn/kg:

~H 0v V2
= 2 v

H -= (10.50)
v p 2 . ..

Actual head-rise coefficient for overall compressor:

to,2 (10.51)
overall,212S U 2

t

Actual head-rise coefficent for overall compressor incuding losses

between the second stator exit and the venturi:

44H

v (10.52)
overall,v -2

Ut

Work-input coefficient for overall compressor including mechanical

losses:Ra.

(1053

41i,overall~m - T(RM 2 (1.3
v t

Efficiency for overall compressor including mechanical losses:

5... ~overall,2,2S (10.54)
i,overall,2,2S t i, overall ,i

.N5

5%,%

4 A -
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11. APPENDIX D: TABULATION OF EXPERIMENTAL DATA

Circumferential-mean data for the four different compressor builds

are tabulated in Tables 11.1 through 11.10 in this section. All data in

the following tables pertain to compressor operation at the design shaft ..

speed of 2400 rpm and the off-design flow coefficient of 0.500. The data

for the Baseline 1 build at design point operation (flow coefficient = 0.587

and shaft speed = 2400 rpm) are tabulated in Appendix E of Reference 1.

The column headings in Tables 11.1 through 11.4 are defined as follows:

* BETA R = Relative flow angle, 0y,

* BETA Y = Absolute flow angle, .
y

P.'" * FC = Flow coefficient, * -

' HS = Static head, h

* HT = Total head H

" PHH = Percent passage height from hub, PHH

, * V = Absolute velocity, V

_ VR = Relative velocity, V' o

o VY = Tangential component of absolute velocity, V
4 y

• 0 VZ = Axial component of absolute velocity, V...

A VYR = Tangential component of relative velocity, V IY

0 Y/SS = Fraction of stator pitch, Y/S
s

SI -- Od

SPREVIOUS PAGE A t
IS B.-A.N

%"%.
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Table 11.5 Circumf er ent ial -mean incidence angles (deg.) for the
different compressor builds (q=0.500).

BASELINE 1 BUILD

PHH STATION 1 STATION 2 STATION 3 STATION 4
(ROTOR 1) (STATOR 1) (ROTOR 2) (STATOR 2)

.. 5.00 3.668 9.480 6.243 19.120
10.00 3.501 8.750 5.300 8.350
30.00 3.350 8.910 4.458 6.880
50.00 3.206 8.490 3.497 6.490
70.00 3.116 7.450 2.438 7.870
80.00 3.232 6.440 1.660 9.620
90.00 2.724 8.830 3.000 9.880
95.00 1.976 11.020 5.018 10.820

MODIFIED 1 BUILD

PHH STATION 1 STATION 2 STATION 3 STATION 4
(ROTOR 1) (STATOR 1) (ROTOR 2) (STATOR 2)

5.00 3.087 13.720 6.305 20.860
10.00 2.930 12.200 5.935 9.670
30.00 3.293 9.930 5.056 9.050
50.00 3.404 8.130 4.129 8.770

*70.00 3.425 7.460 2.306 8.580
80.00 3.241 7.350 1.564 9.960
90.00 2.859 8.910 2.437 10.030 .-
95.00 2.117 10.500 4.410 10.430

MODIFIED 2 BUILD

PHH STATION 1 STATION 2 STATION 3 STAT ION 4
(ROTOR 1) (STATOR 1) (ROTOR 2) (STATOR 2)

5.00 3.087 13.720 6.536 20.770
10.00 2.930 12.200 6.171 9.840 .

30.00 3.293 9.930 5.131 8.550
50.00 3.404 8.130 4.153 7.870
70.00 3.425 7.460 2.396 7.720
80.00 3.241 7.350 1.684 9.320
90.00 2.859 8.910 2.235 9.390

95.00 2.117 10.500 4.336 9.350. .

*.j.

vM
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Table 11.6 Circumferential-mean deviation angles (deg.) for the .0

different compressor builds (€ 0.500).

BASELINE 1 BUILD

PHH STATION 2 STATION 3 STATION 4 STATION 5
- ., (ROTOR 1) (STATOR 1) (ROTOR 2) (STATOR 2)

5.00 3.999 9.140 1.637 8.250
10.00 4.863 4.180 6.052 6.833
30.00 4.679 4.400 5.379 3.530
50.00 4.209 5.180 4.312 4.660
70.00 3.566 6.660 2.858 7.264
80.00 2.929 8.520 1.624 8.870

90.00 4.005 9.250 4.404 8.183
95.00 10.700 6.470 11.106 6.110

.'-'.'-MODIFIED I BUILD

PHH SAIION 2 STATION 3 STAT ION 4 STATION 5
(ROTOR 1) (STATOR 1) (ROTOR 2) (STATOR 2)

.N% 5.00 3.506 7.090 1.753 5.950 " ",.-
10.00 4.453 3.150 6.216 4.140
30.00 4.838 4.850 5.357 4.200
50.00 4.666 5.830 4.158 5.910
70.00 3.915 6.320 3.027 6.860
80.00 3.285 7.670 1.924 8.120
90.00 4.225 7.740 4.275 7.400
95.00 10.924 5.690 10.866 5.260

%, MODIFIED 2 BUILD

PHH STATION 2 STATION 3 STATION 4 STATION 5
(ROTOR 1) (STATOR 1) (ROTOR 2) (STArOR 2)

5.00 3.506 6.270 0.912 4.690 .:

10.00 4.453 2.430 5.852 3.580
30.00 4.838 4.300 5.404 3.610
50.00 4.666 5.600 4.272 5.400

- 70.00 3.915 6.170 3.117 6.560
"4 80.00 3.285 7.540 1.808 7.890

90.00 4.225 7.750 4.334 6.990
- 95.00 10.924 5.400 11.165 4.970

•1., --- t Ne

S-q .*"-- .

... ..-...'-. ,A
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- . Table 11.7 Circumferential-mean performance parameters f or the
-x?. baseline 1 compressor build (~=0.500).

**FIRST STAGE**

HEAD RISE LOSS. 0
--- COEFFICIENT ---- --- COEFFICIENT ---- ---- EFFICIENCY----

PHH ROTOR STAGE ROTOR STATOR ROTOR STAGE

5.00 0.2286 0.1913 0.0398 0.1881 0.9367 0.7838
10.00 0.2247 0.2122 0.0295 0.0648 0.9503 0.8977
30.00 0.2280 0.2164 0.0376 0.0623 0.9317 0.8841
50.00 0.2345 0.2215 0.0322 0.0698 0.9364 0.8845
70.00 0.2436 0.2271 0.0200 0.0873 0.9567 0.8919
80.00 0.2525 0.2303 0.0198 0.1134 0.9560 0.8722
90.00 0.2479 0.2103 0.0938 0.2004 0.8111 0.6883
95.00 0.2103 0.1890 0.1843 0.1452 0.6445 0.5793

MASS AVERAGED

0.2357 0.2188 0.0447 0.0905 0.9125 0.8470

**SECOND STAGE

HEAD RISE LOSS

--- COEFFICIENT ---- --- COEFFICIENT ---- ---- EFFICIENCY----

PH"1 ROTOR STAGE ROTOR STATOR ROTOR STAGE

5.00 0.2412 0.1854 0.1240 0.2885 0.8506 0.6537
10.00 0.2157 0.1844 0.0706 0.1699 0.8834 0.7552
30.00 0.2192 0.1987 0.0491 0.1105 0.9084 0.8235

*50.00 0.2236 0.2082 0.0359 0.0811 0.9258 0.8624
70.00 0.2297 0.2100 0.0383 0.1010 0.9171 0.8385
80.00 0.2372 0.2080 0.0405 0.1439 0.9134 0.8010
90.00 0.2412 0.2113 0.0544 0.1632 0.8875 0. 1777son
95.00 0.2265 0.2145 0.1494 0.0839 0.7204 0.6821

MASS AVERAGED

0.2258 0.2041 0.0505 0.1157 0.8998 0.8134

**OVERALL**

HEAD RISE
P1*1 COEFFICIENT EFFICIENCY

5.00 0.3767 0.7139
10.00 0.3966 0.8253
30.00 0.4151 0.8540
70.00 0.4372 0.8654

-S~80.00 0.4383 0.8369
90.00 0.4217 0.7303 ~..
95.00 0.4035 0.6298

MASS AVERAGED

~. ~o.4229 0.8304

-r . or W*...-

% %
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Table 11.8 Circumferential-mean performance parameters for the 0
baseline 2 compressor build (~-0.500).

**FIRST STAGE**

HEAD RISE LOSS
* --- COEFFICIENT---- -COFIEN---- ---- EFFICIENCY----

PHH ROTOR STAGE ROTOR STATOR ROTOR STAGE

5.00 0.2286 0.1887 0.0398 0.2010 0.9367 0.7733
10.00 0.2247 0.2099 0.0295 0.0768 0.9503 0.8878
30.00 0.2280 0.2158 0.0376 0.0654 0.9317 0.8818
50.00 0.2345 0.2205 0.0322 0.0755 0.9364 0.8803 p.~
70.00 0.2436 0.2277 0.0200 0.0843 0.9567 0.8941

80.00 0.2525 0.2285 0.0198 0.1226 0.9560 0.8653
90.00 0.2479 0.2133 0.0938 0.1847 0.8111 0.6979
95.00 0.2103 0.1935 0.1843 0.1145 0.61445 0.5931

* MASS AVERAGED

0.2357 0.2185 0.0447 0.0920 0.9125 0.8459 p

*SECOND STAGE *-..

HEAD RISE LOSS
--- COEFFICIENT---- --- COEFFICIENT ---- ---- EFFICIENCY----

PHH ROTOR STAGE ROTOR STATOR ROTOR STAGE

5.00 0.2465 0.2041 0.1172 0.2158 0.8612 0.7130
10.00 0.2199 0.1957 0.0638 0.1300 0.8959 0.7972
30.00 0.2207 0.1992 0.0472 0.1155 0.9122 0.8232
50.00 0.2254 0.2091 0.0334 0.0856 0.9313 0.8642
70.00 0.2297 0.2109 0.0389 0.0961 0.9158 0.8409
80.00 0.2391 0.2092 0.0378 0.1475 0.9196 0.8045
90.00 0.2431 0.2113 0.0572 0.1693 0.8827 0.7673
95.00 0.2235 0.2112 0.1559 0.0846 0.7073 0.6686

MASS AVERAGED

0.2273 026 0092 0.1132 0.9026 0.8178

**OVERALL

* HEAD RISE
PHH COEFFICIENT EFFICIENCY

5.00 0.3929 0.7408
10.00 0.4056 0.8417
30.00 0.11150 0.8527
50.00 0.4296 0.8724p
70.00 0.4386 0.8677
80.00 0.4377 0.8352
90.00 0.4246 0.7308
95.00 0.4048 0.6302

MASS AVERAGED

0.0 0.4245 0.8320

%~ %



242

Table 11.9 Circumferential-mean performance parameters for the
modified I compressor build ()=0.500).

4i~ FIRST STAGE *~

HEAD RISE LOSS
--- COEFFICIENT ---- --- COEFFICIENT ---- ---- EFFICIENCY----

PHH ROTOR STAGE ROTOR STATOR ROTOR STAGI-

5.00 0.2267 0.90 000 .77 0.9232 0.7861

10.00 0.22142 0.2066 0.0281 0.0925 0.95410 0.8789
30.00 0.2280 0.2087 0.0312 0.10140 0.91431 0.8634
50.00 0.2334 0.2136 0.02147 0.1078 0.9500 o.8693
70.00 0.2423 0.2281 0.0239 0.0759 0.9479 0.89,13
80.00 0.2500 0.23114 0.0146 0.0972 0.9671 0.89419
90.00 0.21473 0.2164 0.0854 0.1658 0.82142 0.12114
95.00 0.2093 0.1939 0.1756 0.1064 0.65140 0.6059

.4 MASS AVERAGED

0.23149 0.2158 0.01403 0.1031 0.9202 0.81455

**SECOND STAGE**

HEAD RISE LOSS

--- COEFFICIENT ---- --- COEFFICIENT ---- ---- EFFICIENCY----

PHH ROTOR STAGE ROTOR STATOR ROTOR STAGE

5.00 0.2391 0.19417 0.11426 0.2304 0.8272 0.6734i
10.00 0.2209 0.2022 0.0569 0.1017 0.9068 0.8301
30.00 0.22147 0.2064 0.0442 0.0996 0.9208 0.81461
50.00 0.2302 0.2129 0.0373 0.0927 0.9273 0.85714
70.00 0.2282 0.2127 0.0394 0.0805 0.91141 0.8517
80.00 0.2356 0.2126 0.03147 0.11143 0.9237 (0.8337
90.00 0.2377 0.2151 0.0591 0.1227 0.8751 0.7911
95.00 0.2243 0.2153 0.11439 0.0623 0.7245 0.6953

MASS AVERAGED

0.?2 0.2106 0.01480 0.0949 0.9058 0.8356

**OVERALL *

HEAD RISE
PHH COEFFICIENT EFFICIENCY

5.00 0.3877 0.7252
4.10.00 0.14088 0.85141

30.00 0.14152 0.85147 .....
50.00 0.14265 0.8633
70.00 0.'1407 0.8722

4..80.00 0.144140 0.86145
90.00 0.14315 0.75148

-. 95.00 0.14092 0.64;99

MASS AVERAGED

0.0 0.14264 0.81406

*X
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Table 11.10 Circumferential-mean performance parameters f or the
modified 2 compressor build (~0.500).

p. 4 .4.... ~ ~ FIRST STAGE *

HEAD RISE LOSS0
--- COEFFICIENT ---- --- COEFFICIENT ---- ---- EFFICIENCY---- '

PHH ROTOR STAGE ROTOR STATOR ROTOR STAGE

5.00 0.2267 0.1931 0.0503 0.1713 0.9232 0.7864 -

10.00 0.2242 0.2065 0.0281 0.0927 0.9540 0.8787
30.00 0.2280 0.2095 0.0312 0.0998 0.9431 0.8666
50.00 0.2334 0.2140 0.0247 0.1059 0.9500 0.8707
70.00 0.2423 0.2275 0.0239 0.0788 0.9479 0.8902

*80.00 0.2500 0.2302 0.0146 0.1031 0.9671 0.8905
90.00 0.2473 0.2185 0.0854 0.1546 0.8242 0.7283
95.00 0.2093 0.1951 0.1756 0.0982 0.6540 0.6097

MASS AVERAGED

0.2349 0.2161 0.0403 0.1016 0.9202 0.8466

SSECOND STAGE 4.

HEAD RISE LOSS
--- COEFFICIENT ---- --- COEFFICIENT ---- ---- EFFICIENCY----

PH" ROTOR STAGE ROTOR STATOR ROTOR STAGE

5.00 0.2449 0.2104 0.1483 0.1741 0.8230 0.7070
10.00 0.2240 0.2049 0.0664 0.1028 0.8931 0.8170
30.00 0.2254 0.2056 0.0435 0.1078 0.9214 0.8406
50.00 0.2312 0.2127 0.0248 0.0987 0.9504 0.8742
70.00 0.2298 0.2129 0.0259 0.0869 0.9422 0.8730
80.00 0.2391 0.2142 0.0229 0.1229 0.9492 0.8501
90.00 0.2359 0.2142 0.0517 0.1175 0.8879 0.8062
95.00 0.2208 0.2149 0.1347 0.0415 0.7332 0.7135

MASS AVERAGED

0.2294 0.2107 0.0408 0.1000 0.9188 0.8439

**OVERALL *

HEAD RISE
PHH COEFFICIENT EFFICIENCY

5.00 0.4035 0.7429I
10.00 0.4114 0.8468
30.00 0.4151 0.8535
50.00 0.4266 0.8725 0
'10.00 0.14405 0.8818
80.00 0.4444 0.8706
90.00 0.4327 0.7649
95.00 0.4100 0.6600

% .0 MASS AVERAGED

0.0 0.4268 0.8452
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