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An experimental investigation was conducted to determine the effects of surface finish, fillet radius, inlet
boundary layer thickness, and free-stream inlet turbulence level on the aerodynamic performance of a small

axial flow turbine stator. The principal objective of this program was to help understand why large turbine

efficiency is not maintained when a large turbine is scaled to a smaller size. The stator used in this program was

a one.sixth scale of a 762 mm (30 in.) diameter stator design with 50 vanes having a vane height of 17 nun (0.666

in.) and an aspect ratio of 1.77. A comprehensive overall test matrix was used to provide a complete engineering

understanding of the effects of each variable over the full range of all the other variables. The range of each variable

investiga:ed was as follows: surface finish 0.1 Id m (4U in.) to 2.4 Id m (95 Id in.); boundary layer thickness 2 to

25 percent of channel height at each wall; fillet radius 0 mm (0 in.) to 1.0 mm (.040 in.) and turbulence 2 to 12

percent.
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i .0 SUMMARY

An experimental investigation was conducted to determine the effects of

surface finish, fillet radius, inlet boundary layer thickness and free-stream

inlet turbulence level on the aerodynamic performance of a small axial flow

turbine stator. The principal objective of this program was to help understand

why large turbine efficiency is not maintained when a large turbine is scaled

to a small size. The stator used in this program was a one-sixth scale of a

762 mm (30-1nch) diameter stator design with 50 vanes having a vane helght of

17 mm (0.666 inch) and an aspect ratio of 1.77.

The results of the investigatlon can be summarized as follows: Large

levels of turbulence induced up to 2 percent drops in efficiencies. An optimum

fillet radius was found to exist that increased the stator efficiency level by

1.4 percent. A very small inlet boundary layer showed a 1.5 percent increase

in efficiency over the larger boundary layers. Rougher surface finish showed

up to a 0.5 percent increase in efficiency over the smooth finish. A signifi-

cant first order interaction was found to exist between turbulence and fillet

rad ius.

A comparison was made between the full scale and one-sixth scale stator

performance. Good agreement in stator efficiency was obtained when a Eeynolds

Number correction was made to the full-scale stator data. The mass flow for the

scaled stator matched the scaled flow of the full-scale stator.

i!
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2.0 INTRODUCTION

The efficiency levels demonstrated in large turbines have not been

achieved generally in smaller scale since, in practice, surface finish, fillet

radius, turbulence, and boundary layer thickness - in addition to Reynolds num-

ber, manufacturing tolerances, and other parameters - may not be practically

scaled. This experimental program was conducted to establish the performance

effects of the first four variables on a one-sixth scale of a previously

tested turbine nozzle design. The results are designed to quantify the effects

of each parameter and establish each parameter's sensitivity to scaling. This

is intended to provide the turbine designer with the performance compromises

expected for a small-scale design. The potential benefits from this program

are to design more efficient small turbine components and permit development

testing to be perfcrmed on small-scale hardware by establishing scaling

effects.

The program was designed to systematically evaluate the effects of vane

surface finish, fillet radius, inlet turbulence level, and inlet boundary

layer thickness on small turbine stator performance. A one-sixth scale of a

762 mm (30-inch) tip diameter high-pressure turbine stator (Reference i) was

used for the investigation with levels of each variable independently varied

over the full range of interest based on current gas turbine manufacturing

technology and measured experience. The test matrix was designed to generate

data for engineering analysis and also to perform a statistical regression

an, Iys-is where the entire body of collected data is used to quantify the

effects of each variable.

The range of each variable was selected as follows:

Min imum Max imum

Surface Finish 0.i _ m (4 _ in.) 2.4 _m (95 _ in.)

Fillet Radius 0 1.0 mm (.040 in.)

(nearly over-

lapping at throat)

Turbulence 2 percent 12 percent

Boundary layer thickness
(at each wall)

2 percent 25 percent of

channel he ight

In addition, for each variable, the pressure ratio was varied to pro-

duce Mach numbers from 0.5 to 1.0 at the throat. Data were taken at more than

300 test conditions by directly measuring the reaction torque of the nozzle

with a strain-gauged torque element and limited fixed instrumentation to

establish the gross cascade performance.



3.0 TEST APPARATUS AND PROCEDURE

3.1 TEST RIG

The cascade test rig (Figure I) was designed and fabricated as part of

the program for use in an existing testway (Figure 2). The test rig comprised

four major sections" an inlet cone_ an exit duct with a sliding joint_ and two

core modules. The forward or lower core module contains the front portion of

the inlet duct where the turbulence generators and boundary layer rings are

located. The aft module contains the nozzle cascade mounted on a torque sensor

and the exhaust duct. The inlet cone mounts directly on a test facility inlet

plenum chamber and the exit duct is connected to facility piping.

The forward module (Figure 3) is easily removable to accommodate a large

number of boundary layer and turbulence combinations. Removal of two flange

clamps allows the forward module to be withdrawn from the remainder of the test

rig. No instrumentation is disturbed when the forward module is removed. Rubber

"O-ring" seals prevent leakage at the flanges. _e inner flow path is supported

from the outer case through four welded struts located in a low-velocity inlet

section to minimize wakes. Final machining of the welded assembly assured inner

and outer flow path concentricity. Removal of a single bolt allows the inner

boundary layer ring (Figure 4) to be removed. The outer boundary layer ring is

trapped by the aft module. The boundary layer rings are also brazed onto spacer

ring s.

The aft core module contains the turbine cascade mounted directly on the

reaction torque sensor (Figure 5). The vanes, fit into contoured slots machine3

in both the inner and outer shrouds shown in Figure 6. The vanes butt against

a ring in the inner shroud. A two-piece ring contoured to the shape of the

outer shroud and vane tips9 restrains the var,_s radialiy. (See Figure 7.) The

same set of vanes was used throughout all of the testing except for a repea.

test of the baseline 0.I _ m (4 /_ in.) surface finish test. Stator blade co-

ordinates are given in Table I. The manufacturing tolerance permitted on s r-

face coordinates was + .05 mm (.002 inch) from the true surface providing the

contour was smooth and did not deviate with re,;pect to the true contour m,_re

than 0.I mm (.004 inch) per 2.5 mm (0.I0 in_h) of surface length. The total

throat area of the ,_tator was within + 2 percent of the scaled value9 and the

variation in individual throat areas did not exceed + 2 percent. The allowed

variation in stagger angle was + 0° 30'.

The labyrinth sea] is supported by the outer shroud ring (Figure 8).

Buffer air is used to eliminate leakage past the forward face of the outer

shroud, while bypass air holes reduce the leakage past the rear face of the

outer shroud to about 0.4 percent of the inlet flow (Figures 9 and 10). High

lateral stiffness of the torque sensor insures no contact between the electri-

cally _solated cascade components and stationary rig parts. An electronic con-

tact monitor between the cascade and stationary hardware verifies the seal

clearance. The cascade mounted on the torque sensor permits direct measurement

of the torque less any tare ]oadings. Only the inner wall static pressure tef-

lon lines and the electrical lead wire could produce any tare loadings on the

torque sensor. The torque sensor was calibrated in the rig with all the in-

str_imentation lines attached. No _[ga{ficant difference with previous calibra-

tion_ wa,_ found. All remaining [nstrumentatlon was mounted on stationary part
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_e exit duct mounts directly onto existing test facility exhaust pip-

ing. It contains a slider joint sealed with O-rings. The joint allows the aft

module to be moved for removal of the forwacd module.

3.2 TEST VARIABLES

3.2.1 Boundary Layer

Two basic inlet duct configurations (Figure II) were used. The short

inlet duct produced a boundary layer thickness of 2 percent on each wall while

the longer duct res,_Ited in a I0 percent thickness, as measured with radial

hot-film anemometer surveys. To achieve the 15 and 25 percent thicknesses,

sheet metal rings were installed in the inlet duct. The ring size was experi-

mentally determined durln@ the calibration phase of the program and used

throughout the testing.

The boundary layer thickness percentages quoted represent the full

boundary layer thickness for each end-wall expressed as s percentage of the

annulus height. The 2 percent boundary layer configuration was tested only at

the minimum turbulence level due to the short inlet duct configuration.

3.2.2 Free-Stream Turbulence

The base level of turbulence resulting from the test facility was found

to be 2 percent for core flow in the inlet duct. Several turbulence-generating

devices were evaluated resulting in selection of perforated and raised sheet

metal plates (Figure 12). These plates were positioned in the inlet duct as

shown in Figure Ii. Combustor discharge turbulence levels of 15 to 18 percent

are typically produced in engines; however, generation of high turbulence re-

sulted in excessive local velocity distortion that was judged unacceptable.

Therefore, a maximum turbulence of 12 percent was used.

3.2.3 Surface Finish

l_e va_es initially manufactured to a 0.I _ m (4 # inch) finish repre-

set _ d polished surface finish. The test sequence was performed such that the

surface finish was progressively roughened. This was accomplished by grit

blasting both the vane and shroud surfaces of the cascade (Figure 13). Surface

inspections were performed to establish the actual surface finish. The surface

of the inlet duct was unaltered to maintain entry flow conditions.

The test matrix was completed with the same set of vanes. One config-

uration with a 0.I _ m (4 _ inch) surface finish was tested with a second set

of vanes, following testing of the initial matrix, to resolve an observed per-

formance anomaly.

3.2.4 Fillet Radius

The cascade was designed such that the vane extended through closely

tolerated airfoil-shaped slots that were electro-discharge machined (EDM) in

both the inner and outer shrcuds. This produced a square corner (zero fillet

radius_ that was tested. An epoxy filler material (Figures 13 and 14) added by

means of a hypodermic syringe, flowed to form a radiused corner. The size and

shape of the fillets were measured using an optical comparator.

15
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3.3 INSTRUMENTATION

Instrumentation quantities and locations are shc_n in Figure 15 and

outlined in Table II. These locations and quantities were specified in the

program Statement of Work. Inlet total pressure was measured with six indi-

vidual impact probes mounted on the outer wall and radially located at 10, 25,

50, 759 and 90 percent of the channel height. In addition, a total pressure

probe was traversed across the channel for each data point to establish pres-

sure distribution and the average total pressure. Six total temperature probes

are located just ahead of the front module at three radial locations.

The total pressure probes used were 1.0 mm (.040 inch) diameter hypo-

dermic tubing for minimum flow blockage. The probes were commercial boundary

layer probes which have a flattened sensing head to minimize radial extent of

the sensor, Figure 16. The same probe style was used for both stationary

probes and for total pressure surveys. The hub wall was locally recessed to

permit the probe head :o travel below the nominal wall contour to define the

distribution close to the wall without risk of probe damage. The recovery

characteristics for these probes have been previously determined and were

apilied to correct measured values. The minimum recovery ratio used was

0.9998. A calibrated hot-film probe (Figure 16) was radially traversed across

the flow channel to measure both the mean velocity and the velocity fluctua"

tions as a function of channel height. The mean velocity distribution was used

to establish the boundary layer thickness, and the RMS velocity was used to

establish the turbulence level.

Inlet and exit static pressures were measured with four static pres-

sures at each location and at each wall. On each wall, the four static pres-

sures were equally spaced relative to the vane pitch. Additionally, the static

pressure in the large chamber about the labyrinth seal cascade assembly was

measured. Static pressures were measured in the chamber about the torque

sensor, in the buffer air chamber, bypass air chamber, and in the chamber im-

mediately behind the outer shroud. Four exit statics were measured in line

axially on the inner wall of the duct directly behind the nozzle. A single

static pressure was measured in the large exit duct downstream of the slider

joint. This was only used to set the rig exit pressure.

Primary mass flow was measured with an ASME sharp edge orifice in the

inlet piping system. The reaction torque level was measured using a commercial

reaction torque sensor (Lebow Model 2102). The sensor was calibrated out of

the rig at temperatures from 18 ° to I04OC (65 ° to 220OF). In the rig

the sensor was calibrated at 18°C (65°F). A differential pressure gauge,

along with an external air supply was used to equalize the pressure between

the large chamber about the labyrinth seal and the buffer air chamber. An ohm-

meter was used to verify clearance between the labyrinth seal cascade assembly

and stationazy rig components.
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Orifice

Inlet Plenum

Before Nozzle

Behind Nozzle

Cascade

Labyrinth Seal

Duct

Exit Duct

-...mmm.m._

TABLE II. 'rEST RIG INSTRUMENTATION SUMMARY

Loc ation

2 Each at 3 Radii

6 Circumferential Positions

Outer Wall

Inner Wall

5 Radial Loca,tions(2 at 50

Percent Point_
6 Circumferential Positions

Radial Survey

Radial Survey

Outer Shroud Cavity

Outer Wall

Inner Wall

Inner Shroud Cavity

Torque Reaction Sensor

Torque Sensor Temperature

Buffer Air Chamber

Bypass Air Chamber

Outer Shroud Chamber

Inner Wall, Axially Spaced

Downstream, Outer Wall

PS

TT
AP

TT

Quantity

3

2
3

PS

PS

PT

Hot Fi im

PT

PS

PS

PS

PS

Torque

TT

PS

PS

PS

PS

PS
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3.4 DATA ACQUISITION

Data were acquired using a computer controlled digital data system de-

signed to scan, digitally convert, and record measured test data through the

use of multiple port pressure scanning for absolute pressure, dedicated trans-

ducers for differential pressures, and thermocouple ice-point referencing. All

analog data were converted to electrical signals for multiplexing and digital

conversion. Digital data were recorded on a magnetic disc for subsequent com-

puter analysis. A four-point calibration was performed on each absolute pres-

sure transducer for each data point taken by reading accurately maintained

reference pressures. Differential pressure transducers were separately cali-

brated before each test and at intervals of four hours maximum to correct for

transducer drift of zero and span. A time-averaged value of the measured

torque was digitally recorded.

Thermocouple voltages were converted to engineering units on the basis

of parabolic interpolation of tables appropriate to Chromel-Alumel. _e tables,

which are smooth and of extended significance, are based on National Bureau of

Standards Circular 561 (RP767 and RPI080). Absolute pressure readings were

converted to engineering units by means of parabolic interpolation of the four

reference pressures recorded for each data scan. Total pressure readings were

adjusted based on the pressure recovery characteristics. The differential

pressures were converted by interpolating between two calibration pressures

measured for each transducer. Torque output was converted using an accurately

established multipoint calibration curve for the torque reaction sensor with a

correction for the operating temperature of the sensor.

Hot-film probes were radially traversed to establish the velocity dis-

tribution (boundary layer thickness measurement) and the turbulence level. A

total pressure boundary-layer probe was simultaneously traversed to confirm
the boundary-layer thickness measurement. The hot-film probe was velocity-

calibrated in the test rig by using free-stream conditions as determined by

corresponding pressure measurements in the rig. The velocity distribution was

established by plotting the linearized anemometer analog output and applying

the probe calibration. The root mean square of the liuearized anemometer out-

put was also plotted versus radius to establish the local turbulence level.

During performance testing, a total pressure probe was traversed across

the channel. Total pressure sampled at 24 radial locations was used to calcu-

late an average inlet total pressure.

On-line performance computations were made as the data were taken to

provide a performance assessment and data c1_eck as the test progressed; this

insured that the recorded data readings were correct and that the cascade per-

formance results appeared reaso:_able prior to an overall performance assess-

merit.



7

3.5 TEST PROCEDURE

The overall test sequence changed the surface finish twice by progres-
sively roughening the vane surface, Either two or three fillet radius levels

were run for each surface finish, Changing the surface finish or fillet radius

required removal of the cascade from the test rig. An instrumentation leak

check and rig flow check were made after each cascade removal to assure valid
test results.

Turbulence generators and boundary layer rings were sized and calibrated

in the rig prior to performance testing. Turbulence level and boundary layer

thickness were measured at design flow using a hot-film probe traverse across

the channel. The actual inlet pressure distribution measured just upstream of

the cascade is shown in Figure 17 for the four boundary layer configurations

tested. The radial distribution of the root mean square velocity and the velo-

city level were used to calculate the turbulence level. Measurements were made

with the cascade installed to insure that the static pressure field produced
by the cascade did not significantly affect the results.

The test facility was equipped with a positive-sealing exhaust valve

that was closed after each rig disassembly. The test rig was pressurized to

insure that all pressure lines read properly and to establish that no airflow

leaks were present between the orifice and the test section. This effort as-

sured accurate pressure and airflow measurements. All tests were conducted in

Avco Lycoming test facilities. Air was supplied to the rig at 93°C (200°F)

and 1.36 bars (20 psia) by facility compressors and preheaters. Exit pressure

was set using exhausters and vacuum pumps. Each test configuration was run at

four levels of pressure ratio ranging from 1.2 to 2.1. At each pressure ratio,
a steady-state pressure and temperature condition was achieved. A performance

data point was recorded at each pressure ratio before and after each radial

survey. The results from the surveys were used to calculate entropy-averaged

stator inlet total pressure.
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!

4.0 DATA REDUCTION 1

Avco Lycomir_ data reduction program T181 was developed to reduce the

NASA Small Axial Turbine Stator Technology Program data.

The digital data acquired were initially reduced during testing to pro-

vide an immediate assessment of the data's validity and o_'erall cascade per-

formance. Raw data were retained for further analysis following testing, and

overall, cascade results were analyzed to establish the effects produced by

each test variable.

The conditions leaving the cascade were computed as follows: tangential

velocity was obtained directly from

= _ Vu r

where torque and flow rate are measured. The radius of reaction used was cal-

culated based on full scale results (Reference I).

Average velocity and flow angle are computed by simultaneously solving

the continuity and moment of momentum (torque) equations. Thus,

Cont inu ity

m = p A V cos

Moment of Momentum (Torque)

r= '_ V sin a r

Average stator exit total pressure was obtained from isentropic rela-

tions, where PT = f (Ps, V, TT). Stator total pressure loss is then

directly calculated_ thus .....

PT - PT

%PT Loss = in exit (I00)

PT in

The ideal stator exit velocity is calculated from the isentropic rela-

tions, where Vid = "f (PT in, PS exit, TT). The stator efficiency is
then calculated from

27
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The average stator inlet total pressure was calculated by satisfying

continuity using the measured wall inlet static pressures and measured orifice

weight flow. This method was used since local total pressure gradients produced

by turbulence generation precluded accurate determination of the average total

pressure with a su__;ey at a single circumferential position. The mean condi-

tions for temperature were determined from measured total temperatures obtained

from the six inlet thermocouples. All total temperatures and pressures were

adjusted for probe recovery characteristics.

Blockage factors at the stator inlet plane were calculated using the

average total pressure survey results to find a blockage factor for each of

the four boundary layer conditions. The averages were taken at the 2 percent

turbulence condition where no circumferential pressure gradients existed.

A more detailed analysis of Reference 2 data was made to examine errors

produced with the simplified analysis described above. The effects of the

stator exit angle radial variation of six degrees were analyzed to determine

the effective radius of torque reaction. The actual torque produced by any

stator may be expressed as

An approximate solution of this expression indicated the effective

radius to be extremely close to the geometric center of the annulus. This cal-

culated effective radius, used in all data reduction, was 0.4 percent smaller

than the center of area.

The overall test matrix was carefully selected to fully define the per-

formance effects of each variable. The matrix approach results in a much higher

degree of confidence in the trends observed, since multiple test results are

averaged; this tends to eliminate random testing scatter that might otherwise

be interpreted as a real effect. The above approach identifies the presence

and relative importance of all main effects and interactions.

The influence coeff[cents shown in Table III indicate the effect on

efficiency of a 1 percent error in either a constant or a measured parameter.

The constant inputs into the data reduction program are ii_!et area, exit area,

and reaction torque radius. The measured parameters are {nle_ and exit static

pressures, temperature, mass flow, and torque. The analysis was done at nom-

inal parameter conditions.
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INLET AREA

EXIT AREA

PS INLET

PS EXIT

TORQUE

MASS FLOW

REACTION TORQUE RADIUS

TABLE III. INFLUENCE COEFFICIENTS

% ERROR

-1%

-1%

+1%

+1%

+1%

+1%

+1%

-0 .?

+0.4

+0.4

+i.I

+I .4

-I .I

-I .4
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5-.0 RESULTS AND DISCUSSIONS

The results presented below include:

Tabulated data results for all points

Tabulated data interpolated to stator pressure ratios of 1.2, 1.4,
1.7 and 2.1

Plots of stator efficiency versus pressure ratio, turbulence,

fillet radius, surface finish, and boundary layer thickness

Corrected mass flow as a function of pressure ratio.

The direct effects of each test variable over the range tested 8re

discussed and compared with published data. Interaction (nonaddltlve) effe,.'ts

of combinations of var lables are also discussed.

A comparison of data obtained for the one-sixth scale testing performed

under this program is compared with the full-scale test results obtained with

conventional survey instrumentation. Reynold's number effects discussed are

based on published empirical data.

A statistical analysis of the test results is described along with the

conclusions for the !.4 pressure ratio data.

5.1 TABULATED TEST DATA

The test results for all data points presented in Tables IV through XI

represent the output of the data reduction method previously described.

Computed stator efficiencies were interpolated to pressure ratios of

1.2, 1.4, 1.7, and 2.1 (Tables XII through XV, respectively). These data were

used to produce the performance plots and for statistical analysis discussed
below.

5.2 DIRECT EFFECTS

The test n_tri× selected for this program lends itself to establishing

the direct effects of each test variable with a high degree of confidence.

These results were derived from m_tltlple testing of each variable at many

levels of the ether variables. Consequently, averaged results of these effects

that are established mask errors resulting from random testing error and in-

teraction effects (addressed separately).

The direct effect of presure ratio on stator efficiency is shown in

Figure 18, where each point on the curve represents an average of about eighty

points. The direct effects of turbulence, fillet radius, boundary layer thick-

ness, and surface finish are indicated in Figure 19 where each point typically

represents an average of thirty points. Ninety-five percent of the averaged

data points will reside within the band in Figure 19.
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ORIGINAL P,_GE iS

OF POOR QUALITY

TABLE IV. TEST RESULTS 0.I /_ m SURFACE FINISH 0.0 -i- FILLET RADIUS

ZO(xTe
PR_SS.RAT|O [¢;_J|V.FLOM [_JXV.TORQUE V1J EXZY V [XZT PT [×_T Z PT LOSS _ 5TAI03 [FFZCIEt_T

_GI$EC H-n N S[¢ _ S_¢ _ PA

1_1013 1.1Q_ 0._00 0.853 103._ 1_0.$ 135.57 1,81 09._*

1:1614 1.398 0.483 1._1 _:6.5 :',a._ 13_.05 :.71 91._5

1_1013 1._26 0.5:4 1,q58 _e0.3 315._ 13_.Q7 3_1 Q3.07

1Z1010 2.083 0.530 _.:08 335,_ 3_.5 133.18 3.3: *q.05

121609 1.106 0.390 0.1_I 161.1 170.1 13_.:8 :.:0 07.15

1_1610 1.407 0.483 1._ _9.1 _¢._ 1_.:3 3.11 90._5

323011 1.?_3 0.5:1 1.959 2_:.1 317.: 13:.71 3.77 _._0

1:111Z _.10_ 0.S:9 :._13 335.7 363.1 13:.08 3._8 ¢_.0,

1_160_ _.116 0.328 _.tS_ 33S.8 305._ 1Y2.5_ 4._5 93.5_

1_1603 1.1_ 0.393 0.837 1_.3 179.1 135._ :._S $b.o_

1_1601 1.407 O._S_ 1.413 :_0.3 _5.q _3_.01 3._1 09._

1_1607 1,743 0.5_1 I.oSS _91.7 31_._ 133.)b 3.9S ¢2.13

1_16_8 :.113 O.S_? _.:01 31_.7 3_6.1 13:.¢3 3,o8 93o:

1:1601 1._0_ 0.400 0.859 166.4 1_1.4 135.74 :,_0 86.53

1_160_ 1.411 0.403 1.4:0 _7.9 _48.3 133.6S 3.54 8_._7

1:1103 1.73: O.S:O 1.938 _8_.4 31_._ 13_.3_ 4.00 ql.e:

1_1604 _.117 0.S_8 _._01 335.6 305.4 13:.5_ 4.3L.--------- ¢3._q

1:150t 1.194 0.396 O.Oq_ 16_.8 17q.6 135._0 :.0: _0.18

1_15_ 1.406 0.403 1._:9 _:_.0 :_9.7 134.10 _.9b e0.?1

111511 1.735 O.S:I 1.¢$2 :91.3 316.3 13:.81 3,67 _:.6:

I=151_ _.107 0.5:8 2.:_4 3_?.9 367.1 133.11 3.4_ _.T5

1:1505 1.106 0.3_5 0.841 165._ 17_.8 133.$9 _.07 8_.¢1

12150_ 1._0_ 0,481 1.40_ _:?.S _47._ 133,56 3.*= 8_,2_

|:|SO? 1.738 0.$21 1.417 :_8.5 313.# 131._6 4.41 11.14

1:IS08 _._60 O.S:? :.:63 3'53.6 36_.3 133.:_ 3.55 q_.44

1_1S01 I1,: 0.391 0.0:_ 114.1 178.S 135.:3 1._ 80.4_

1:130= 1.405 0.400 1.410 ::3.1 :_0._ 131.?: 3.01 _0.31

121_ol 1.7_3 O.S:_ 1.eS? :'1.3 316._ 13:.3: 1.4_ 9:._5

1:1504 :.11_ O.S:t _._q0 337._ 367.1 13:.?¢ 3.54 q4.S:

101513 1.112 0.34_. 1.110 139.4 1_4.S 110.30 2.S_ 80.91

1=1S14 1.3_* 0.434 1.340 _3 3 :+3.1 13_,:0 3.04 _7.;q

1_1515 1.7:1 0.S_4 1.110 :8_,: 310.0 I_0.18 4.0: 40.17

I_ISIt _.010 031: _._0 3:06 3S_.1 I:_.6: 5.46 ¢1.5_

I_ISI? 1.188 0.3_1 1.?¢_ 158._ 1734 133.87 : $: _ _

121518 1.315 0.48_ 1.1_5 :1_._ _0._ 111._4 4.10 8o.17

1:151t I _:_ 0.$:_ 1.e00 ;_$.0 308._ 1:1.8o $ 1, _.*1

1_15_0 _ 0_ 0.$11 t tl_ 3:_ S 3_0 1 1:0.e0 t.03 *0_

1_1_1 I.IP_ 0 3_1 0100 1351 i?|_ 13507 _ ?? 0: s_

I:1S:2 1.3"1 0 4?3 1.14_3 Z_08 :s1.1 131.01 3.¢3 87_5

I:13:3 1.?1$ 0 $:$ 1 8"4 :00 • !01 ? 1:_ 0_ S _$ 88 80

1:13;4 _ 00_ 0 _11 : _13 3: ? 0 157.q 1:8.0: 3.8_ ¢0 _5
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ORIGINAL PAGE iS

OF POOR QUALITY

TABLE V. TEST RESULTS 0.1 _ m SURFACE FZNZSH 0.5 mm FILLET EADIUS

IOIHT| PRESS.RATIO [QUIV.FLOH [¢UIV.TO_CUE VU EXIT V EXIT PT EXIT Z PT LOSS Z STATOW EFFICIEHCY

KG/SEC N-M M/SiC M/5[¢ K PA

_ 32t?

?2405 1.187 0.328 0.829 165.6 179.6 135.42 1.42 91.39

72406 1.396 ¢.476 1.413 230.4 249.§ 134.40 :.28 92.67

_2407 1.7:1 0,515 1.939 292.1 316.1 133.35 2.94 93.09

72408 2,099 0.521 2,275 339.1 _7.2 133.45 2.98 95.41

72_01 1.193 0.390 0.832 163.2 179.4 135.83 1,91 80.76

72q02 1.405 0.473 1.414 230.7 25¢.0 134.36 2,71 91.44

72_03 1.7q2 0.514 1.9_4 293.7 317.9 133.97 3.43 93.15

72404 2,104 0.520 2,265 330.0 366.3 133.45 3,46 94.70

72101 1.196 0.392 0,838 165.6 180.0 135.27 2,05 88.11

72102 1.406 0.474 1.410 230.6 249.8 134,57 2.81 91.14

72103 1.737 0.513 1.939 293.4 317.4 133.75 3.28 93.42

72104 2.083 0.518 2.233 337.3 363.0 134.12 3.09 9S.20

72106 1.402 0.473 1,40S 229.7 248,9 133.90 2.80 91.13

72107 1.731 0.513 1.920 291.5 315.6 132.88 3.S3 92.64

72108 2.073 0.518 2,247 336.6 36_.3 133.33 2.98 9S.33

72109 1.188 0,385 0.816 164.1 178.0 135.27 1.79 89.24

72117 1.187 0.308 0.807 161.5 175.8 13_.82 2.03 87.6E

72110 1.39S 0.475 1.396 228.2 _47.5 133.98 2,71 91.29

72119 1.731 0.514 1.942 293.3 317.3 133.47 3.05 93.83

72120 2.07S ¢.S19 2.256 337.3 364.9 13q.20 2.81 95.60

72113 1.192 0.388 0.824 164.S 178.6 135._1 1.98 88.33

72114 1.399 0.473 1.307 229.2 248.4 133.98 2.82 41.¢3

72115 1.72S 0,512 1.9:8 293.1 316.9 133.62 3.08 93.73

72116 2.092 0.516 2.257 339,9 367.7 133.74 3.04 9S.30

72110 1.399 0,474 1.404 229.7 248.9 134.29 2,k4 91,40

72111 1.716 0.513 1.927 291.7 315.4 133,61 2.89 94.07

72112 2.073 0.519 2.256 337.8 363.Z 133.48 2.64 03.87

72113 3.193 0.300 0.823 164.5 178.6 135.42 2.01 86.15

72121 1.19S 0.397 0.831 162.4 177.4 13S.Jl 2.37 86.1S

721=2 1.404 0.483 1.410 226.S 246.7 133.97 3.43 t9.18

72123 1.724 0.320 1.937 209.4 314.1 133.27 3.43 42.58

?Z124 2.049 0.32? 2.2S3 331-8 360.2 133.72 3.36 _.67

72301 1.14 0.394 0.835 164.0 178.? 135.74 2.22 87.14

72302 1.408 0.473 1.417 231.7 250.4 135.41 2.74 41.42

?2303 1.741 0.SI% 1.942 _93.7 317.9 134,S0 3.44 03.13

72304 2.099 0.S18 |.231 338.3 364.3 134.4S 3.3S 94.134

72)0S 1.182 0.364 0.814 164.S 178.3 136.13 1.79 i9.21

72306 1.404 0.474 1.408 |)O.t 2_4.0 134.72 Z.70 91.14

?2)07 1.734 0.S03 1,941 194.0 316.4 136.13 2.09 _3.64

7230_ 2.10r 0.S16 1.263 330.2 3+?.3 13m+84 3._ _.80

.... .. .......... I_ III ...... + +
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CRIGINA"-- PAG r/ IS

OF POOR QUALITY

TABLE VI. TEST RESULTS 0.i p. m SURFAC_ FINISH_I.O mm FILLET RADIUS

|O[HTI _R[S$.RATZO [_JIV.FLOW [GUIV.TOROU£ VU [XZT V [XZT PT [XZT _ PY LOSS _ STATOR [FFZCI[t_Y
_G/S[C H-M M.'8[_ M,S[¢ K PA

63001 1.191 0.391 0.837 166,0 100,3 135.51 1.00 8¢.e8

6300_ 1.393 0.q?2 1.309 228.6 2¢7.6 13q.08 Z,60 91,63

63003 1.720 0,511 1.905 289.8 313.? 132._9 3.68 eS.*_

63004 2.0_0 0.516 2,233 336.2 363,7 13:.80 3.._5 eq.63

63005 1.191 0.30S 0.8_2 16,.6 178.? 135.*_ 2.02 00.0'*

63006 1,_04 0.*71 1.390 _28.9 2_8,1 13_.2S 3.1S 90.06

6300? 1.74= 0.$09 1.910 291.* 315.5 132.78 4.16 41.60

63008 :.105 0.512 2.234 330.0 3_6._ 133.26 3.53 94,58

_3010 1.197 0.389 0.832 166.1 180.3 135.55 2.1. 87.66

63011 1.607 0.6?0 1.3% 230.0 2*9.0 13,.29 3.15 q0.10

63012 1.?3S 0.507 1.8_1 289.? 313.6 132.S_ _.30 01.18

63013 2.106 0.510 2.22? 339.6 366.? 133.78 3._ 9_.66

6301. 1.19_ 0.306 0.82S 165.8 179.8 135.83 l.q? 88._:

63015 1.*Oh 0.*72 1.3Q_ 229.1 248.3 13_.22 3.2* 89,82

63016 1.736 0.508 1,900 290.7 31..6 132.36 _.12 91.71

63017 2.094 0.515 2.22_ 335.? 363.5 132.99 *.09 93.69

70105 1.189 0.302 0.81, 165.3 118.O 13S.SI 1.73 69.63

70106 1.402 0.469 1.304 230.0 2*9.5 139.66 :.?0 91..3

70107 1.745 0.S08 1.91_ _2.9 316.8 135.27 3._1 "2.20

70100 2.081 0.513 2.:21 336.1 _63._ 132.99 3.60 9_.*0

70101 1.194 0.384 0.822 163._ 179.6 135.80 1.92 88.?5

70102 1.*01 0.966 1.379 229.? 2_8.3 134.20 2.87 90.87

70103 1.7_ O.SOS 1.90_ 293._ 316.6 133.26 3.?6 9_._8

70104 2.119 0.$13 2.235 330.5 366.3 :S:.qS 3.o_ _3.9_

63018 1.1o5 0.3_6 0.62? 1_6.0 180.0 135.92 1.o6 08.58

63019 1.*03 0.4_9 1.3_7 :2:.6 :48.S 13_.28 3.02 _0.*6

630:0 1.740 O.SO* 1.¢09 204._ 317.6 133._8 3._9 _3.01

63021 2.101 O.SIS 2.230 336.9 36*.8 13_.71 q._q 93.29

?0109 1.:01 0.*_8 0.813 1,0.? 162.6 132.02 5.16 ?0.,8

70110 1.3% O.*b9 1.377 227.? 2_6.7 133.89 2.9S qO.SS

?0111 1.7_9 0.S06 1.qll _*3.3 316.6 13_.11 3.:2 03.*?

70112 2.0_* 0.513 2.229 337.4 3_.6 133._0 3.30 q*.67

70113 llO: 0.384 0.611 163.8 177.8 13S.2_ 2.11 8?.*?

70114 1,3_6 0.q_3 1.3_3 _2_.6 244.q 133.14 2.93 40.q_

?OILS 1.731 0.S07 1.897 _0.7 314., 13_.:6 3.9_ 92.09

?Ollt _.11* 0.5|_ 2._34 $37.7 3_q.6 133.o I 4.01 93.81

70117 1.10_ 0.3_ 0 _S 1_S 17_.3 13333 l.e_ 8017

70118 l.eOl 0._9 1.3=1 _0,3 _40 13_8.* 2.73 _|.32

?011_ I _qO 0%_5 1_13 _q_.O 317.q 13.._S 3._$ 93.10

70120 _0% 0.513 _21q 3_.2 _5.6 13_94 3.q0 e_.75
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oR|GINr_L P_GI_" tS
OF pOOR QLIALiTY

TABLE Vll. TEST RESULTS 0.6 _ m SURFACE F_NXSH 0.0 mm FILLET RADIUS

10111TI pPESS.RATZO [QUZV.FLON [qUIV.TOPQUE VU EXIT V EXIT PT [XZT Z FT LOSS Z STATOR [FFXCIENCY
KO/5[C N-M M/_[C M/_[C K PA

831=S 1.193 0.394 0.831 163.2 177.9 135.06 2.13 87.$2

83126 1.410 0.484 1.416 =26.7 _49.0 133.61 3.31 89.66

831:7 1,732 0.521 1.938 _89.2 334.3 132.60 4.04 q1.64

83118 2.110 0.526 2.=65 334.5 364.0 131.86 6.$1 93.11

63113 1.192 0.394 0.838 164.0 179.4 135.40 1.87 68.97

63114 1.39_ O.qO= 1._12 2_7.? 2_7.6 133.93 2.87 90.83

83115 1.716 0.5=: 1.944 209.1 314.= 132.9S 3.73 92._3

_3116 =.lOS 0.S:9 2.276 334.2 363.9 13_+71 4.32 93.34

83117 1.193 0.305 0.833 163.6 3?0.4 135.04 2.13 87.4_

83118 1.40= 0.482 1.416 2_8.2 246.2 133.50 3.02 90.42

03119 1.729 0,521 1.941 :89.6 316.6 132.62 3.66 92.23

A3120 2.1=_ 0.5=6 2.266 334.6 364.3 131.$4 6.80 92.71

811_1 1.195 0.I_ 0.841 164.7 179.S 135.39 2.08 8?.83

831_2 1.401 0.481 3.416 2:8.S 248.4 133.$6 2.89 90.82

83123 1.726 0.5=6 1,940 287.? 313.1 131.95 3.99 9_.88

83124 2.11_ 0.5:8 2.268 333.6 363.6 1_ 13 6.._4 92.69

40103 1.163 0.39= 0.763 133.2 170.6 133.25 2.64 63.66

90106 1.381 0.479 1.353 219.5 239.6 130.96 3.60 84.10

90107 1.708 0.522 1.897 262.3 307.7 129.29 4.76 90.15

90108 =.084 0.$30 2.23S 327.6 357.7 128.03 S.63 91.28

qo=01 l.lql 0.397 0.a42 164.4 179.2 135.22 1.79 8q.3?

q0202 1.396 0,404 1.426 2_8.2 248.1 :33.79 _,6S 91.S3

_0203 1.7_3 O.S_l 1.940 289.6 314.3 133.23 3.43 93.06

90204 2.101 0.526 2.=81 336.0 364.6 13_.99 3.S2 _v.60

e0101 1.194 0.396 0.638 164.9 179.6 135.07 2.01 48.22

_0102 1.403 0.461 1.416 228.6 248.6 133.70 3.04 90.40

¢0103 1.733 0.321 1.94_ 290.1 313.1 132.71 3.64 _2.1_

90104 _.113 O.SZ? 2.271 334.3 _64.2 131.$5 4.55 _3.06

83129 1.194 0.397 0.637 163.? 178.? 135.17 2.20 87.06

83130 1.404 0.404 1.423 226.4 263.7 133.86 3.17 90.03

83131 1.733 O.S_l 1._I _8_.3 3_4.3 132.7S 4.00 _1.70

03132 _.113 O.S_? 2._07 334.0 363.? 132.05 4._S 42.0S

L 34

831¢S 1.18_ 0.3_0 0.600 IS,.4 174.0 134.37 2.4_ 8S.01

63104 1.396 8.478 1.362 224.S 244,4 113.03 3,4_ 04.80

83107 1.737 0.320 1.$2_ _87._ 313.2 13_._8 431 _0.94

83108 :.111 0.$10 _.2S4 331.5 363.4 130.i0 S.2S _1._?

E3101 1.1q_ $.3_3 0.804 158.? 173.8 134.15 _.?t 83.58

83102 1.40_ 0.47_ 1.144 _=4.? _4_.8 132,80 3.?_ 07._8

0310_ 1.?; 3 0.3_0 1._14 _86.0 311.2 131.21 4.48 to.aT

13104 2.111 0.s_8 1.254 332.1 542.0 130.6_ s.11 _2.1s



oRIGINAl.- p AG_-.|_

OF pOOR QUAL_'_(
TABLE VIII. TEST RESULTS 0.6 _ m SURFACE FINISH 1,0 mm FILLET LM)I"US

lO[_tTS F_C$S,RATIO [_UIV._LOW [QUIV.TO_&U[ _U ['_lT V [XIT PI [XIT
kG,'_£C N-t1 t_ S{_ H'Sr-¢ _ PA

X PI LOSS X ST_10_ |FFICI[PlC_

10C_26 1.|*_ 0.}91 O._Y$ tb_.q 179._ 135._9 1.82 0_.23

1000_? 1._09 0._76 1._25 232.1 _1.: 13*.91 :,36 9:.55

|009:8 |,732 0.513 1.050 _q.O 316,5 I_,QL C.b9 9q.57

_00010 1.1_6 0.3 °0 0.0,$ 107.6 1_1.? 135.75 1.7_ _9.#"

10061: 1.7_5 0.510 1.99_ :eb.? 320.1 13_.27 :.kO 95.05

100815 :.082 O.flt? _.252 $38.1 365,6 13_.11 2.86 °S.SS

100_00 1.1 °O 0.306 0.817 10_,3 178.3 135.65 1.87 8_._0

10000? 1._11 0,_7_ 1._:_ :33._ _5:.3 135.09 2.59 ql._O

100o0_ 1.7_= 0.510 I._0 :_3.1 31_.8 13_.05 _,1_ 93.?3

100909 _.074 _.S_S =.:31 336._ 363._ 13_.0_ 3.:1 _._

100601 1.:1_ 0._99 0.90_ l_b._ 1_0.0 133.80 1.62 ql._q

100902 1.43_ O.q_O I.q_3 239._ :_0.8 117.79 2._q 92._

lOOuO_ 1.7_0 0.500 1._g :9_.S 3:0.9 t15.1_ :.38 95.:$

100605 2.081 0.515 _.:_q _7._ 3.5.1 t_.8_ :.91 95.47

10051_ 1,_V9 0.3Vl 0._1 1_6.7 181.0 1_o.13 2.13 87.0_

100515 1.415 0.47? 1._6 _31.9 :51._ _3_.OT _._ 90.61

100516 1.730 0.510 1.93_ :o_.1 _17._ I_,3V 3,21 e3.5_.

100317 _.1_2 0.517 _.:58 338,8 3h7._ _33.00 *.35 93.',_

100516 1._0_ 0.3_: 0._'*_ 167.2 181.6 ISb.lG 2._7 87.:0

100S19 1._17 0.975 1.922 :325 251.9 135.03 5.09 90.49

1005:0 I.?_S 0.510 1.93: :q_.O _1?.9 1_._ %55 _:.q?

100521 _.1_0 0.51_ _._5_ _.,0.1 _8._ 1_).50 ¢,_8 93.59

100522 1-1°9 0"_I 0.637 1_6.: I_2 5 I_6.05 _,:: 67.3?

100523 1._15 0._7_ 1._:_ :3:.7 :y:.0 l_'*.q: _'q_ ql.O:

1_05:5 _.15: 0.515 ::_0 _0._ _.0 1}3.1_ _._1 q_.?O

10050? 1._7_ 0._ 1+_9 ::1 _ _0._ 151._1 3._ 8_.5_

_0C'_0_ 1.70_ 0 512 I _2 :._ 0 _0_ 1 1_0 05 .* 1_ ql._

IO_COl

10040:

IC_O5
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TABLE IX. TEST RESULTS 2.4 _ m SURFACE FINISH 0.0 mm FILLET RADI_S

kG 5tC N M M 5tC M _tC k PA

110_0_ 1.I_'_ 0._ _ 0,_ 16_,9 1_0_ 1_,;! l.qO 88,q0



(?_ PCOR QUALITY

TABLE X. TEST RESULTS 2.4 # = SURFACE FINISH 0.5 mm FILLET RADIUS

tll_$ I I ¢_ 0._? O.P_? 1_75 1_;,1

Pl Ixl;

1_1 "7

1 q._,l_

1 't_. t_.,o

]11 O*

I_; 0*

Ittl :,,

Itl ._:

I,'¢ _.

1,4 ;.

1; _f lQ_S _ STAT_q IFFICIII_Y

_q) oL;I

_._| Oqlll,

? • ?q _1 • 2{_

I _ c0 O;

4 ._,4 _q r,i

? _' *'o e"

,' l: *_ r+

" ?_ 'H s'
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TABLE XI. TEST RESULTS 2.4 _ m SURFACE FINYSH 1.0 ma FILLET RADIUS



OF PGO_] QU_L!TI.'

TABLE XII.TEST MATRIX 1.2 PRESSURE RATIO

i

p

i

D

<

0,I uM

TURBULENCE

6%

0MM>_ I0 _87"57. 88,37 85,07

<
_15 87,28 88,18 83,98
7
D
O 25 86,59 88_59 83.5_
m

91,47

0,5 MM

89,17 88,67 86,37

88,48 88,58 86,28

88.99 89.59 89.39

SU RFACE FINISH

0.6UM

89,57

89,37 89,17

88,58 82,28

88,69 88,19

84.17

85,2E
J

33,89

2.4_M

90,47

88,97

87,98

88,69

8887 85,17

88_8 85,98

8889 84,59

89.87

89.17

88,98

88,49

39.6_ 88.47

B8.91_ 87.68

89.5_ 86.59

i[

i

1.OMM

90,17

88,17 89,67

8"/,98 88,98

88,49 88.79

88,9_

88.18:

89,09

89,47
n

89,77

88.98

89,69

87.77

87.18 I

87.49

85,37

85,Z8

85,99

88,57 88,0_

88,58 89,18

89,69 89, 7_

86 ,O7

86,98

86.0c

39



>,

<
ON_M C_

X
D
0

u_

<

2%

10

15

25

0.5 MM

O.I_M

TURBULENCE

2%

90.32 90.72 37.72

89.95 90.35 16.75

89.0 )0.5 _6.3

92.65

91.42 91.42 89.12

91.15 91.15 91.3

91.2 91.70 191.3

r, ( ,'TJ

OF POOR QUALITY

TABLE XIII.TEST MATRIX I.4 PRESSURE RATIO

SURFACE FINISH

0.6 UM

91.55

I

90.42 90.92 _8.22

89.95 90.45 38.95

8<).70 90.90 39.10

2.4_

92.35

91.02

90.75

91.40

91.62 88.42

91.15 88.35

91.30 88.20

91.95

91.92

91.15

91.70

91.12

91.3¢

922.o

90-,72

89.95

89.30

l.OMk£

91.15

90 •02 01.42

90.05 00.95

89.S ,00.40

90.62

90.55

;91.40

92.55

92.22

91.85

90.421S9.52 90.32

90.25 89.55 )1,35

92.20 t90.90 L89.40 92.50

91.6290.72

92.15 90.25

92.8( 90.50

c

:,0
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OF PoOR QUAU, ITY

TABLE XIV.TEST MATRIX I.7 PRESSURE RATIO

SURFACE FINISH

O.IuM 0.6u_[ 2.4UM

TU RBU LENCE

Z%

92.31

9Z .0

91.78

6% lZ%

9Z.?l 90.11

9Z.6 89.3

9Z.58 88.T_

9Z. 95

92.01 9Z .ii

91.7 9Z.i

91.78 91.88

90 ,ii

90.8

90.78

!93.75

9Z. 81

19Z•7

:93.Z8

93. 71191.31

93.Z 90.9

932.8190. 78
L

<

93.85

93.01 93.61 93.61

93.2 93.6 93.6

92.68 93.98 93.58

L93.75

93,81

'92.9

193.78

94.0_9Z .41
i

193.5 91 9

94.0_ 92.18

92.21

92.3

q2.78

93.31

92.0

9Z.Q_

94.45

_3.91

93.6

04.08

93.31 9Z .3

o2.8 01.4

93.3B 9I.Q s

93.T1 94.01 94.31

93.2 93.6 93.9

4:

°



OF POOR QUALITY

TABLE XV.TEST MATRIX 2.1 PRESSURE RATIO

,_2%
>.,

5 lo
0MM

X5

_25
Z

0

<

0.5MM

0 .i UM

TURBULENCE

2%

6% 12%

94.02 94.72 !91,62

93 . 92 94.72 90.82

93.4 94.54 90.9_!

94.72

95.32

95.44

95.72 89.82

95.32 89.8Z

95.84 89.84

SURFACE FINISH

0.6uM

194.6

93.02 93.32

92.82 92.72

93.14 92.44

91.22

91.92

92.14

95.5

94.92

95.52

95.84

2.4 _M

95.62 92.32

)4.52 91.82

)5.84 ca.04

94.9

95.42 94.92

95.32 95.12

ti96.54 95.24

93.72

94.02

93.74

./

U_

1.0MM

!94.7

93.42 194.42 94.12

94.6? _3 02 93.82

!93 7..._ a3 341a4.7
L " L " , _.,

95.2

95.52

95.02

95.44

93.42

93.52

93.64

95.6_

[93.32

)4.62 94.82

94.12 94.02

94.$4 95.14

93.02

92.82

92.54

%

_2
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5.2.1 Pressure Ratio

The average stator efficiency plotted as a function of pressure ratio in

Figure 18 shows a 6 percent increase in efficiency over the tested range, with

the highest efficiency at the largest pressure, ratio tested. The design point

pressure ratio of 1.52 shows an average efficiency of 91.5 percent.

The effects of each of the four test variables are presented in Figure

20. The individual points in this figure typically represent an average of

thirty points. The effect of each variable over the tested pressure ratio

range is roughly the same since the curve shapes within each plot are nearly

the same. The 12 percent turbulence d_ta, however, indicate a different sensi-

tivity to pressure ratio level than the lower levels of turbulence tested.

The efficiency trend with pressure ratio is similar to that measured

for the full-scale stator (Reference 2). Comparitive results are presented be-
low in Section 5.5.

5.2.2 Fillet Radius

The direct effect of fillet radius on stator efficiency is shown in

Figure 19, for each of the pressure ratio levels tested. The 0.Smm (0.020 inch)

fillet radius had the highest efficiency. Only slightly lower in effi=iency

was the 1.0mm (.040 inch) fillet. The zero fillet radius exhibited a 1.4 per-

cent average drop in efficiency compared with the 0.Smm (.020 inch) fillet

radius. This indicates that an optimum fillet size exists for this stator be-

tween the zero and maximum fillet size tested.

L.L. Dubruge (Reference 3) concludes that there is a drastic reduction

of separation probability in the corners of a compressor stator when a fillet

is provided. The separation, which is most common in corners, sets up a ter-

tlary flow vortex that is independent of the secondary flows. The fillet re-

tards separation and subsequent vortex formations.

The addition of too large a fillet radius merely adds to the profile

drag of the airfoil. Dubruge also discusses varying the size of the fillet to

optimize the compromise between profile drag of the fillet and probability of

separation. The slight decrease in efficiency in going from the 0.5ram (.020

inch) fillet radius to the 1.0mm(.040 inch) fillet radius may be due to an in-

crease in the profile drag.
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5.2.3 Free-Stream Turbulence

The direct effect of free-stream turbulence on stator efficiency is
shown in Figure 19 for each of the pressure ratio levels tested. The highest

stator efficiency was produced at a turbulence level of 2 percent with a small

drop at 6 percent and a significant loss at 12 percent turbulence. The

efficiency level at 2 percent turbulence is slight" inflated relative to 6

and 12 percent since 32 data points were averaged for the 2 percent case in-

cluding a 2 percent boundary layer data point. The 6 and 12 percent poi_Its

represent averages of 24 data points, none at 2 percent boundary layer thick-

ness. This will have only a minimal effect on the conclusions for turbulence
effects.

Reference 4 was used to determine the boundary layer growth along the

surfaces of the subject stator. The pressure side sees a laminar boundary

layer which separates before the 7 percent chord point. The suction side has a

laminar boundary layer over ii percent of the chord which transitions to a

turbulent boundary layer and this does not separate. An earlier transition

point on the suction surface would result in a slightly larger boundary layer

growth. An earlier transition on the pressure side triggered by free-stream

turbulence could eliminate the laminar separation. This could possibly reduce
losses.

The mechanism that produces higher stator losses with increasing turbu-

lence is the earlier boundary layer transition from laminar to turbulent which

increases the size of the boundary layer (Reference 5). The increased vane

surface boundary layer increases losses in two ways, i.e., it contributes low

momentum fluid to the secondary flow and it increases the profile loss. Horlock

(Reference 6) attributes stator cascade losses to three causes: profile loss,

annulus loss, and secondary loss. He also associated profile loss with boundary

layer growth over the blade profile. Faster boundary layer growth on the vane

surface would significantly increase the associated profile loss. Due, Easter-

ling, and Rogo (Reference 7) investigated the effects of turbulence on stator

performance and tested free-stream turbulence at intensities of 3.7 to Ii per-

cent. At a nozzle exit Mach number of 1.18, the stator loss nearly doubled with

the increase in turbulence. However, their loss levels are much greater than

what was experienced in the scaled stator; therefore, results may not be

directly comparable.

5.2.4 Wall Boundary Layer

The direct effect of boundary layer thickness on stator efficiency

(Figure 19) shows a 1.5 percent reduction in efficiency at 1.4 pressure ratio

when increasing the boundary layer thickness from 2 to 10 percent, and little
effect for thicker boundary layers. The effect of pressure ratio level on the

boundary layer effect is discussed in Section 5.3.

L
47



The boundary layer effects shown in Figure 19 from the 2 percent bound-

ary layer to the 10 percent boundary layer are not as strong as the figure in-

dicates. This is because the 2 percen_ boundary layer data were measured at:

only 2 percent turbulence, whereas the efficiency levels for the thicker

boundary layers are lowered by the 6 and 12 percent turbulence data.

As mentioned previously, in reducing and analyzing the experimental

data_ the average calculated inlet pressure was used with corrections made for

blockage. If the free-stream pressure had been used instead_ there would have

been significant differences in the efficiency levels between the i0, 15 and

25 percent boundary layers. By using the average calculated inlet pressure the

impact of the losses associated with the inlet boundary layers themselves were

removed from the stator efficiency value and only the effect of the inlet

boundary layer on the losses developing within the stator itself remained.

Dunham (Reference 8) concluded that the magnitude of the secondary

losses in a cascade is dependent on the upstream wall boundary layers. This

agrees with the large increase in loss from the 2 to i0 percent boundary layer.

Dunham also mentions the observation by Wolf 9 who concluded that thickening a

thin upstream wall boundary layer has an important effact_ while thickening an

already thick one has little effect. This latter conclusion also agrees with

the results of the subject investigation where there was no significant change

in efficiency levels from the I0 through 25 percent inlet boundary layers.

Booth (Reference 9), who investigated the effects of inlet boundary

layer_ found that secondary flow loss increases in direct proportion to up-

stream momentum thickness. However 9 the range of momentum thicknesses investi-

gated were below 0.5 percent of channel height_ while the minimum momentum

thickness for the scaled stator was approximately i percent.

5.2.5 Surface Finish

The direct effect of surface finish on stator efficiency shown in Fig-

ure 19 indicates that the roughest surface produced the highest stator effi-

ciency. At 1.4 pressure ratio the smooth 0.1tl m (4 _ inch) finish was 0.5

percent lower in efficiency than the rough 2.4 _ m (95 _t inch) finish.

Schlichting (Reference 5) states that roughness affects the resistance

offered by the wall by moving the point of transition in an upstream direction

and, depending on the shape of the body_ the drag may be either increased or

decreased. The drag is increased by such a shift in the point of transition

when the drag of the body is predominantly caused by skin friction (an air-

foil). This drag may be decreased under certain circumstances if the drag of

the body is due mainly to form drag (a cylinder).

4S



A case can then be made for the stator airfoils to have drag caused by

both skin friction and form drag. On the suction side of the vane, the boundary

layer is initially laminar and then fairly quickly transitions to turbulent.

In this particu]ar case, skin friction is the primary cause of drag. On the

pressure side of the vane, the boundary layer is initially laminar and then

separates. In this case, the pressure side of the nozzle behaves more llke a

cylinder than an airfoil. With a rougher finish, the boundary layer may become

turbulent earlier, this may forstall any separation. Therefore, the experi-
mental effects of surface finish could be attributed to a combination of an

increase in drag on the suction side and a decrease in drag on the pressure

side. The result was a slight increase in the efficiency level with an

increase in rough_.

5.3 INTERACTION EFFECTS

In general, when more than one variable is being investigated not only

the direct effects of each variable but also the interaction between any two
variables must be considered. The interactive effects of two or more variables

produce results different from the sum of direct effects of individual vari-

ables. Interactive effects are illustrated schematically in Figure 21. This

illustration shows that when the response curves produced by constant levels

of one variable are the same shape the variables do not interact, while dif-

ferences in shape (or slope) indicate that interactions exist. Direct effects

are not totally separable from interaction effects.

The data presented in Figure 19 were expanded by plotting the same data

as separate lines, each having another variable held constant. Figure 22 shows

the 1.2 pressure ratio curve of stator efficiency versus fillet radius from

Figure 19, plotted as a dashed llne on three separate plots. The data used to

construct this line are then plotted at constant levels of surface finish for

the first plot, boundary layer thickness for the second, and turbulence level

for the third. Figures 23, 24, and 25 are similar plots for 1.4, 1.7 and 2.1

pressure ratio, respectively.

Figures 26 through 37 show similar plots to those listed above. Figures

26 through 29 show stat_r efficiency versus free-stream turbulence at the four

pressure ratios. Figures 30 through 33 show stator efficiency versus inlet

boundary layer thickness at the four pressure ratios and Figures 34 through 37

show efficiency versus surface finish at the four pressure ratios.

Examination of Figure 23 shows that fillet radius and turbulence inter-

act at low levels of fillet radius. The 12 percent turbulence curve between

zero and 0.bmm (.020 inch) has a mich greater slope than the lower turbulence

conditions tested. An alternative method illustrating this is seen in the con-

tour plot (Figure 38) of the same data. These figures show that the high tur-

bulence level combined with small fillet radius produces about 2 percent lower

efficiency. The strength of the interaction is indicated by the magnitude of

the change in efficiency level.

k
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This strong interaction seems to indicate that the mechanism by which

turbulence affects loss in a stator is, to a large extent, involved with the

flow near the junction of the vanes with the endwalls. Two of the well known

mechanisms of loss that operate near the shroud vane junction are described by

Langston (Reference I0). The inlet boundary layer separates and forms a horse-

shoe (or leading edge) vortex, with one leg of the vortex in one airfoil pass-

age and the other in the adjacent passage. The larger passage vortex migrates

from the pressure side of the vane and flows to the suction side. The corner
vortex remains in the suction surface end-wall corner and is much smaller than

the horseshoe vortex. High levels of turbulence could possibly stimulate local

corner separations that would trlp an additional vortex formation and tertiary

flow which is independent of the secondary flows. L.L. Dubruge (Reference 3)

mentions such a separation and vortex formation in a fillet radius investiga-

tion. The larger fillet radii could reduce the chances of such a separation or

simply delay the separation point and, thereby, reduce the losses.

Fillet radius and surface finish have a weaker interaction than the

fillet radius and turbulence interaction as depicted in Figures 23 and 39. The

point that differs most from the other data is the 0.0 mm fillet radius and

0.I L m (4 _ inch) surface finish case. The efficiency level varies from the

other fillet radius-surface finish configurations by an average of about 1.5

percent. Even though the very smooth finish at the wall could promote local

laminar separations and vortex formations, a rougher surface may tend to

create a turbulent boundary layer that could forestall any separation and/or

vortex formation.

The turbulence-surface finish interaction is weak, as shown in Figures

27 and 40. This indicates a trend of reduced efficiency at the highest turbu-

lence levels for all surface finishes. The 0.6 _m (25 u inch) surface finish

and 6 percent turbulence level combina=ion show a lower efficiency level than

would be expected if the point were extrapolated from the other data. This

anomaly is difficult to explain, but a likely candidate is the Reynolds number

effects.

The remaining first order interactions are weaker and cannot be clearly

identified with certainty. Second order interactions, which require three

variables to interact_ cannot be readily detected using graphical interpreta-

tion. Section 5.5 will discuss second-order interactions determined using

statistical means.
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5.4 COMPARISON WITH FULL-SCALE RESULTS

The full-size stator test (Reference 2) using conventional aerodynamic

measurements to determine stator performance was performed with a low loss in-

let system and with reasonably smooth surface finish and small fillet radius.

This condition was most closely matched by testing the scaled cascade with 2

percent tu=bulence, 2 percent boundary layer, 0.I _ m (4 _ inch) surface fin-

ish, and zero fillet radius. The overall performance for the full size and

one-slxth scale, as well as the predicted one-sixth scale performance, is

shown in Figure 41. By definition, the kinetic energy loss coefficient plus

the stator efficiency equals unity.

The performance curve for the full-size stator shows values of annular

sector blade-exit kinetic energy loss coefficients, which include the loss in

kinetic energy caused by surface friction of the blade, pressure loss of the

trailing edge, friction of the end walls, and the mixing loss resulting from

momentum exchange between the free-stream fluid and the lower velocity fluid

from the loss regions.

The loss computed for the scaled cascade is shown. The effects of Rey-

nolds number on the scaled stator losses was estimated from the empirical

Soderberg correlation (Reference 5) and applied to the full-scale after-mlx

kinetic energy loss coefficients. The Rexnolds numbers based on throat hy-
draulic diameter were 1.8 x 105 to 2.5 x 105 and 2.9 x 104 to 4.0 x 104

for the full and scaled testing respectively. The measured losses were nearly

matched at design pressure ratio, but there was a larger difference at lower

pressure ratios. The remaining loss may result from other scaling effects or

from the method used to calculate performance using the reaction torque
measu remen t.

Horlock (Reference 5) states that Reynolds number effects are dependent

on blade shape which will affect boundary layer growth on the blade surfaces,
and hence, the losses. He also maintains that the work of several researchers

implies a critical Reynolds number (based on hydraulic diameter Dh) around
10 , which may alter the Soderberg prediction.

Since the testing conducted under this program did not address Reynolds

number as a test variable, the effec _. is uncertain. A Reynolds number investi-

gation would ".required to accurately determine its effect.

The equ{valent mass flows of the full and one-sixth scale stator test

results (Figure 42) were compared. The one-slxth scale stator test referred

mass flow was scaled up by a factor of 36, for comparison with the full-scale

flow (Reference 2), and this was plotted against pressure ratio. Figure 42

shows that the two referred mass-flow rates are nearly identical. The measured

full-scale flow angle from Reference 2 also matched the calculated one-sixth

scale stator flow angle. This indicates d,at the scaled stator was properly
mann fac tu red.
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5.5 STATISTICAL ANALYSIS

Test data were statistically analyzed using the analysis-of-variance

(ANOVA) method. This was only performed for the 1.4 pressure ratio since it

was the closest to design. These data are in the form of a 3x3x3x3 matrix. The

matrix lacked test data for the 0.6 # m (25 # inch) surface finish, 0.5 mm

(.020 inch) fillet radius case.

The missing test data were estimated by finding values that would mini-

mize the residual variation in standard ANOVA formulae. The degrees of freedom

(sample size) were reduced accordingly. This statistical me=hod is basically a

way of estimatir_ the missing data by interpolating all of the available test

data. This method will give a valid answer if there are no radical fluctuations

in the data at the point being estimated.

The above analysis assumed that each level of test variable was of a

fixed value throughout the test matrix.

The analysis indicated the relative strength of:

I. Each variable alone which is a direct effect

e First order interactions that represent the effects produced by

combinations of any two variables

. Second order interactions that are the effects produced by com-

binations of three variables and,

4. Residuals or error unexplained by the above three.

The results of the statistical analysis are summarized in Table XVI. The

relative importance of each variable is determined by the magnitude of the sum

of squares term. This is also true of first and second order interactions. How-

ever, the relative strength of the direct effect of a variable compared with

an interaction cannot be determined by this method. Thus, this significance

gives an idea of the order of magnitude of the effects relative to each other.

A more in-depth look at the data is needed to establish the relative strengths

of the direct effects and interactions.

The direct effect of inlet boundary layer from the 2 to I0 percent level

decreased the stator efficiency level up to 2 percent. There was no significant

change between the I0, 15, and 25 percent boundary layers. Also, the inlet

boundary layer did not interact with any other variable.

The direct effect of turbulence indicates no significant change from

the 2 to 6 percent levels, however, there, is a 1.5 percent drop in efficiency

level in going to the 12 percent turbulent level.
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TABLE XVI. STATISCAL RESULTS

(ANALYSIS OF VARIANCE)

Sou rc e

Sum of Degrees of

Square s Freed om Variance___Significance

Turbulence (T) ...............

Finish (F) ...................

Radius (R) ...................

Boundary Layer (B) ...........

43.091 2 21.545 **

5.503 2 2.752 **

28.>17 2 14.159 **

0.448 2 0.224 ***

TF ........................... 5.601

TR ........................... Ii .731

TB ........................... 1.104

FR ........................... 4.117

FB ........................... 0.605

RB ........................... 1.345

4 1.400

4 2.933

4 0.276

3 i.392

4 0. 151

4

ww

TFR .......................... l0.857

TFB .......................... i .140

TRB .......................... 2.493

FRB .......................... 2.576

6 1.809

8 0.518

8 0.312

6 0.429

WW

Residual ..................... 3.096 12 0.258

To ta I 71

* Weak indication of presence (95% Conf.)

** Strong indication of presence (95% Conf.)

*** 2% boundary layer not averaged in analysis. 10%, 15%, and 25% boundary

layer show no significant variation. However, the 2% boundary layer does

show variation from the other three and there is a 99% confidence that the

variation is real.

Definitions of headings in above chart -

Sum of Squares- The sum of the squared deviations of each point or average
from the mean value

Degree of Freedom - The number of points averaged minus one

Variance - Sum of Squares divided by Degrees of Freedom

Residual - The Sum of Squares of all data is partitioned into assignable

causes; residuals are that part of the Sum of Squares which cannot

be ex_zlained; therefore, it is considered to be random error.

i
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There is an optimum fillet radius between zero and 140 mm (.040 inch)
fillets. The 0.0 m fillet is about 1 percent lower in efficiency level than

the other two.

Surface finish has the weakest direct effect with about a one-half

percent efficiency drop from the 2.4 _ m (95 _ inch) finish to the 0.I p m

(4 _ inch) finish.

The tu_btt_euge fillet radius interaction indicates more than a 2 percent

reduction in efficiency at 12 percent turbulence and 0.0 mm fillet radius com-

pared with all the lower turbulence level cases.

Generally, second order interactions are rare. The relatively strong

effect of turbulence, fillet radius, and surface finish must be questionedp

since the experiment was not completely randomized (i.e., surface finish was

progressively roughened during the experiment) and other sources of variation

are possible such as minor variations in test conditions, etc.

Estimates of experimental error are:

I. Variance is 0.272 with 12 degrees of freedom and,

. Standard deviation (standard error) of individual efficiency read-

ings is 0.52 percent. This level of standard deviation indicates

that individual efficiency measurements are within 0.52 percent of

the average-measured efficiency for approximately 67 percent of

the data points, assuming a standard distribution of tne data

scatter.

i

"I

76



6.0 CONCLUSIONS

The matrix design of the test program provided a high degree of confi-
dence in the direct effects of test variables and identified interaction ef-

fects. Multiple test results are averaged to establish the performance effects

that tend to minimize random testing scatter which, otherwlse_ might be inter-

preted as a real effect.

The direct effects of the four test variables and pressure ratios are
summar ized below.

Free-Stream Turbulence - Efficiency was reduced by 1.5 percent as

free-stream turbulence levels increased from

2 to 12 percent.

Fillet Radius - Square corners reduced cascade efficiency by

about 1.4 percen_ compared with the 0.5 _m

(.020 inch) fillet tested. A small perform-

ance loss resulted with the maximum 1.0 mm

(.040 inch) fillet size.

Inlet Boundary Layer - A small decrease in efficiency level was

shown at 15 percent boundary layer thickness

compared with i0 and 25 percent; however,

with 2 percent boundary layer thickness, a

gain of more than i percent was measured.

Surface Finish - Surface finish showed the smallest effect

over the tested range. Increased surface

roughness improved cascade efficiency.

Pressure Ratio - Consistent with full-scale testing, a trend

of increasing efficiency with pressure ratio
was measured.

Interaction effects of two or more variables produce results different

from the sum of direct effects of individual variables. Significant variable
in teract ions we re :

Fillet Radius - Turbulence - The performance penalty resulting from no

fillet radius was found to be significantly

greater at 12 percent turbulence than at 6

or 2 percent turbulence.

Fillet Radius - Surface Finish - A smaller performance penalty resulting from

zero fillet radius was found for the rough-

est surface finish tested. A progressive

trend of reduced performance with reduced

roughness was found.
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The efficiency measured on the full-size stator, using exit surveys and

the one-sixth scale stator using reaction torque measurements, showed the same

efficiency level at design stator pressure ratio when the Soderberg empirical

Reynolds number correction was applied to data obtained with similar inlet flow

conditions and geometry. The correction was about 3 perGent in efficiency.

A one-sixth scale stator referred mass flow and flow angle matched the

full-scale referred mass flow and flow angle; this indicated that the scaled

stator was an accurate scale model of the full-size stator.

The optimum tested configuration for the scaled stator used clean inlet

conditions, i.e., 2 percent free-stream turbulence and 2 percent inlet boundary

layer. The fillet radius was approximately 0.5 mm (.020 inch), and the surface

finish was 2.4 _ m (95 _ inch).
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7.0 RECOMMENDATIONS

The results obtained in this program showed the scaling effects on

stator performance. These data should be used to establish key parameters when

evaluating scaled turbine stators and to optimize stator design.

Based on published data, the effect of Reynolds number on performance

level is significant. The test Reynolds number was relatively low compared with

that expected in a gas turbine application. It is, therefore, recommended that

a limited test program be conducted at a higher inlet pressure level to estab-

lish both the performance level change with Reynolds number and the perform-

ance sensitivity of the four test variables to Reynolds _umber.

The tested stator had a relatively high aspect-ratio design. Since most

small gas turbines use lower aspect ratios, an investigation of scaling ef-

fects on such a design would produce more realistic data for the designer.
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LIST OF SYMBOLS

Annulus Area

Mass Flow Rate

Pressure - Absolute

Differential Pressure

Radius

Gas Constant

Tempe ratu re - Ab so lute

Ve loc ity

Flow Angle Measured From Axial Direction

Density

Torque

Stator Efficiency

idea 1

Stator Exit

Stator Inlet
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