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ABSTRACT

“P Results of an experimental program to measure the per-

formance of a compressor stator cascade consisting of 20 douwwq'ra'lnﬂmlﬁfg

(Dcﬂ)blades of chord 5.01 inches, aspect ratio 2.0 and solid-
ity 1.67 under conditions of varying incidence angle and
Reynolds number are reported. Flow quality and blade per-
formance data were obtained using pneumatic probe surveys
and surface pressure measurements. Changes in Reynolds

B number in the range of 500,000 to 770,000 did not measurably

.‘Qisuibffect either flow quality or blade performance. Changes

i in incidence angle over the range -15 to 10 degrees produced

generally well behaved blade performance parameters.;f7
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I. INTRODUCTION

The on and off-design blade element performance of, and
flow through a double-circular-arc (DCA) compressor cascade
is being examined in a large subsonic cascade wind tunnel.
Tests are to be made subsequently of a controlled-diffusion
(CD) cascade configuration designed to replace it as the
midspan section of the stator of an axial transonic compressor.

Previous phases of the work involving tests with the
present DCA blading were reported by Cina [Ref. 1] and Molloy
[Ref. 2]. Cina's test results were considered to be prelim-
inary because the cascade flow was found not to be periodic
from one blade passage to the next, but was periodic from
blade pair to blade pair. As a reéult of Cina's work, a
modification to the inlet guide vane (IGV) assembly was made,
decreasing the space between vanes from 2 inches to 1 inch.
Molloy set out to repeat Cina's experiments, but encountered
IGV blade flutter (which resulted in some blade damage) when
adjusting the vanes with the cascade running. Facility modi-
fications were made which included first the installation
of plenum chamber turning vanes. This reduced the large
scale flow fluctuations which had prevented the use of tufts
to determine the cause of the flutter problem. Also, the
vane actuating mechanism was stiffened and new cascade oper-

ating procedures were adopted. Following these improvements,

13




the immediate test objective was to document flow quality

and the performance of the reference DCA cascade. Addea

e T e e e
Bea b 4 Pt

(. features of the test program were to investigate the possible
effects of Reynolds number and to determine the degree of

‘? . repeatability of test data from run to run and also from

ot cascade build to build. Additionally, an improvement of

.7 the analysis required to derive blade force coefficients

Y from probe survey data was attempted. 1In the absence of

- wall suction, side wall boundary layer thickening from inlet
:f; to outlet measurement planes causes the control volume to

i‘ take on a three-dimensional character. An attempt was made
to account for the additional pressure-area terms on the

R control volume surfaces which accompany the streamtube con-
traction by using the Axial Velocity Density Ratio (AVDR)

and an assumed linear distribution of static pressure acting

- on the streamtube walls. Details of this analysis are pre-
sented in Appendix C.

fé The following report documents a program of 20 tests

'ﬁ carried out using the DCA cascade following the facility

: improvements. Results are given and are discussed, partic-
ularly from the viewpoint of flow quality and test repeat-
ié ability. Details of the results are summarized in figures,
i tables and appendices. Appendix A contains flow quality
documentation, Appendix B, a description of experimental

If data storage and Appendix C, a discussion of blade force

a coefficient analysis.

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




II. TEST FACILITY

A. HIGH REYNOLDS NUMBER CASCADE

1. Wind Tunnel

A schematic of the test facility as originally
configured is shown in Fig. 1. A complete description is
given in [Ref. 3].

2. Plenum Modifications

X The plenum chamber (located in the basement of the
) cascade building) has undergone successive modifications
to provide acceptably uniform inlet conditions measured at
the inlet guide vane station. Modifications conducted by
¥ Bartocci [Ref. 4] and Moebius [Ref. 5] were super;;ded by
¥ those of McGuire [Ref. 6]. McGuire's modification to the
H - plenum is illustrated in Fig. 2. McGuire's plenum modifi-
cation was in place for all tests reported herein.

3. Cascade North Wall Composition

A plexiglass north wall used during cascade tests
enabled McGuire to conduct a concurrent flow visualization
experiment. The regular steel wall was used for two of the
twenty test runs.

k., 4. Inlet Guide Vane Assembly

The inlet guide vane assembly was the same as that

used by Molloy, with vanes at one inch spacing.

15
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5. Test Section

Views of the cascade test section are shown in Fig.
3a, Fig. 3b, and Fig. 4. Fig. 3a shows the cascade test
section with the plexiglass wall installed and the DCA blade
row in place. Fig. 3b shows the test section with the steel
wall in place. Fig. 4 illustrates instrumentation placement

and physical dimensions.

B. INSTRUMENTATION

1. Survey Probes

Two United Sensor Corporation five-hole probes were
used for surveys at the upper and lower planes. A
DC-125-24-F-22~-CD probe, serial number A981-2 was used at
the upper plane and a DA-125 probe, serial A847-1 was used
at the lower plane.

2. Reference Probes

Plenum chamber reference total pressure was sensed
using a pressure tube suspended in the plenum. Reference
static pressure was sensed using a static port located on
the lower portion of the cascade south wall. Redundancy
of reference pressures was provided by a standard pitot-
static probe located approximately 2 inches from the entrance
to the blade row at midspan and aligned with the inlet flow.

3. Wall Pressure Taps

Two rows of static pressure taps were located on

the cascade south wall 16.25 inches ahead and 6.5 inches

16
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behind mid-chord. Twenty taps per row spaced two inches

apért in the blade-to-blade direction, each connected to

a water manometer board, allowed visual inspection of the
inlet and outlet static pressure distributions.

4. Acquisition and Reduction System

Data was acquired, reduced and plotted using a
modified Hewlett Packard HP-3052A Data Acquisition System
[Ref. 7]. Two 48-port Scanivalves connected to a HP-9845A
desktop computer via a NPS/TPL HG-78K Scanivalve Controller
and a HP-98034A HP-1IB Interface Bus allowed all probe and
reference pressures to use a single transducer. Blade sur-

face pressures were sensed by the second Scanivalve transducer.

The desktop computer acted as the system controller and used
acquisition, reduction and plotting software programs docu-
mented in [Ref. 8].

5. Measurement Uncertainty

Table I summarizes measurement uncertainties.
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III. EXPERIMENTAL PROCEDURES

A. GENERAL

o
R,
W PACT

1. Flow Quality

Flow uniformity, periodicity, and pseudo two-

dimensionality criteria (which implies that area change is

_n_'_.t'.fn.fk.u. U

permitted) must be satisfied before any calculated cascade
performance parameters can be considered meaningful. These

flow quality criteria are discussed extensively in (Ref. 9],

‘ ". .l.
ALY YT vl

[Ref. 10] and [Ref. 11].

;é Uniformity generally describes the degree of con-

,;3 stancy of measured values in the blade-to-blade and spanwise
L directions at the inlet plane and in the spanwise direction
ﬁ at the outlet plane. Periodicity is indicated by a corre-
;% ' spondence of measured values from one blade space to the

* next at the outlet plane. The pseudo two-dimensionality

{3 condition is met when the integrated blade surface pressure
:5 distribution gives a blade force vector coincident with the
i blade force vector calculated using the principle of conser-
‘5 vation of momentum.

;% 2. Flow Geometry

;ﬁ Definition of geometrical parameters describing flow
rﬁ through a cascade are given in Fig. 5. Angle measurements
:§ were taken from a vertical reference line, clockwise being
t: positive.

:
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3. Reference Quantities

a_s ¥ _B]e,

To remove time dependency of inlet dynamic pressure

caused by atmospheric fluctuations and variations in blower

e al

speed, each pressure measurement was referenced to plenum
. conditions, a procedure validated earlier by Duval [Ref. 11].

4. Performance Parameters

4%

Cascade performance parameters were calculated

+ JCURR GLN

using the formulas listed in Table II. Note that the effect
of AVDR on loss coefficient, static pressure rise coefficient,
diffusion factor and blade force coefficient derived from

N momentum conservation was accounted for in each expression.

B. SPECIFIC TEST PROCEDURES

1. Probe Calibration

Prior to testing, both United Sensor five-hole probes

were calibrated in a free jet flow. The calibration was

LRATTLWINL

represented using Zebner's analytical procedure [Ref. 12]
and computer software developed by Neuhoff [Ref. 13].

2. Test Section Setup and Adjustment

Tests were conducted at constant stagger angle while

s aa bW A

varying only air inlet angle and velocity magnitude. To

set an inlet condition, before starting the cascade the lower
end walls were set to the desired inlet air angle with end
wall spacings set to 1.5 inches (one-half blade space). The
IGVs were set to deliver the desired inlet air angle follow-

ing a schedule established in preliminary tests conducted

19
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without test blades. Finally, upper end walls were posi-

W e WY R

tioned approximately. The cascade was started and the upper

rire

end wall angles were fine-tuned to give a uniform static

A

} pressure distribution at the outlet plane. A check of the

k inlet air angle was made with the lower probe placed at mid-
; span in the center of the blade-to-blade traverse. 1If

g adjustment of the IGVs was required, the cascade was first

; shut down, the IGVs were readjusted, the cascade was restarted
: and the inlet air angle was checked again after the cascade
) had stabilized at the inlet dynamic pressure required for

: the test.1

» 3. Test Measurements

i' a. Blade-to-Blade Survey

Blade-to-blade surveys were conducted using the

upper and lower probes simultaneously. Both probes were

AL L%

located at midspan with the lower probe trailing the upper

Dty

by two inches. Measurements were recorded over four adjacent

blade spaces located in the center portion of the cascade

-a_an &

test section. The two innermost blade spaces bracketed the

el ¢
«2a%a

center blade which was instrumented with 39 pressure taps.

Survey points were spaced 0.25 inches apart over the outer-

most spaces and at 0.125 inches over the two innermost spaces.

X 1Inlet guide vane flutter similar to that reported by

Molloy [Ref. 2] reoccurred while adjusting the IGV assembly
at relatively high inlet dynamic pressure (about 17 inches
of water). Thus it is essential not to adjust the inlet
guide vanes while the cascade is operating.

A PSS

o
S
>
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Closely spaced survey points over two blade passages in-

sured that one full blade wake would be surveyed with good
spatial resolution.
b. Spanwise Survey
Two spanwise surveys were carried out to estab-
lish the spanwise extent of uniform conditions. First,
measurements were taken with the upper probe 1 inch from
the suction side of the centermost blade and the lower probe
1 inch from the pressure side of the centermost blade. Once
the first spanwise traverse was complete, the upper probe
was placed 1 inch from the pressure side, the lower placed
1l inch from the suction side and the spanwise traverse was
repeated.
c. Instrumented Blade Pressure Distribution
After completing the blade-to-blade and spanwise
traverse, one or more sets of blade pressure distribution

data were recorded.
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IV. TEST CASCADE AND PROGRAM OF TESTS

A. CASCADE CONFIGURATION

Constant parameters for the cascade configuration are
summarized in.Table III.

1. Blading

Test blading consisted of twenty constant cross-

section double circular arc (DCA) blades of aspect ratio
2.0 and chord 5.01 inches. Coordinates for the test blades
are given in Table IV. Three of the twenty blades were in-
strumented with static pressure taps at midspan in order
to provide measurements of blade static pressure distribution.
The center blade contained 39 pressure taps while each adja-
cent blade had 6 taps. Adjacent blade instrumentation pro-
vided a measure of the uniformity of pressure distribution
from one blade to the next. Pressure tap locations for the
center instrumented blade are illustrated in Fig. 6. Fig. 7

shows a photo of the center instrumented blade.

B. TEST PARAMETERS
The results of 20 tests are reported for which the test

parameters are summarized in Table V.

3
. 1. Incidence Angle

g Seven test values of incidence angle were chosen.

- Five of the seven angles were approximately those reported
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by Cina to allow a comparison to be made of corresponding

data sets.

2. Reynolds Number

In order to investigate the possible dependence of
cascade flow quality and performance on Reynolds number,
each incidence angle was tested at at least two Reynolds
numbers. The Reynolds number based on chord was varied be-

tween 491,000 and 773,000.




V. RESULTS

A. FLOW QUALITY

Uniformity, periodicity and pseudo two-dimensionality

were evaluated from data presented in Appendix A and are

summarized in Tables VI and VII.

B. CASCADE PERFORMANCE
Cascade performance is summarized in Figs. 8 through

13 and in Table VIII.

’
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C. TEST REPEATABILITY

Run-to-run repeatability of cascade performance para-

C: -
PSS

meters is indicated in Figs. 8 to 13 by double-headed solid

.'_:

arrows. The arrow indicates the observed range of the appli-

cable cascade performance parameter. Tunnel build-to-build

repeatability was investigated at the design incidence angle
of 2.2 degrees. Double~headed broken arrows indicate build-

to-build repeatability.
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VI. DISCUSSION

A. FLOW QUALITY

1. Uniformity

As seen in Table VI, the dynamic pressure, static
pressufe, total pressure and non-dimensional velocity were
acceptably uniform over at least twenty percent of blade
span at the inlet and outlet planes, and over the entire
twelve inch blade-to-blade traverse at the inlet plane.

Inlet and outlet air angle were acceptably uniform
in the spanwise direction. Beta 1 was indicated to vary

slightly in the blade-to-blacde direction. The average total

change in Beta 1 from beginning to end of a 12 inch blade-
to-blade traverse was approximately one degree. Since ad-
justment of the inlet guide vane assembly with the cascade
running was prohibited, this variation was accepted. 1If
the IGV mechanism was stiffened further to allow adjustment
during cascade operation, strict uniformity of inlet air
angle would probably be assured.

2. Periodicity

With the exception of the most negative incidence
angle of -12.5 degrees, good periodicity was obtained over
the three centermost blades. Surface pressures from the
left, center and right blades were in excellent agreement

except at i = -12.5 degrees. Also, all flow parameters



Yaper P,

~ L)
o telala®ale

s AS Y,

it

AR

’

........

measured at the outlet plane at midspan were closely periodic
from one blade space to the next with the exception of the
most negative incidence angle.

3. Pseudo Two-Dimensionality

Despite the revi;ion which was made to the calculation
of Cemr (the blade force coefficient derived from probe survey
data; Appendix C), agreement between CfM and ch’ (the blade
force coefficient derived from surface pressure measurements),
was achieved in only about 50 percent of the tests (Table VII).
The problem is thought to lie in the calculation of the axial
component of ch‘ An order of magnitude comparison of the
terms that make up the axial component Cem (Egqn. C. 14) re-
vealed that the first two terms were of order 1.0, the third
and fourth terms of order 10.0, and the fifth term of order
0.01. The difference between the first two pairs of terms,
however, were both less than order 1.0, with the pressure-
area integrals contributing the most. Thus, the value of
Cey Was highly sensitive to small inaccuracies in the survey
data and too coarse spacing of data points. The more satis-
factory results obtained for the tangential components of
CfM can be explained because its evaluation does not involve
pressure-area integration terms.

4. Effect of North Wall Composition

At one incidence angle the more rigid and slightly
better-fitting steel wall was used. The resultant spanwise

distribution of flow parameters was generally indistinguishable
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from the distributions obtained when using the plexiglass

wall. (See Figs. A.51 to A.76 and Figs. A.139 to A.144).

B. CASCADE PERFORMANCE

1. Effect of Reynolds Number

Figs. 8 to 13, and Appendix A show that varying
Reynolds number from approximately 500,000 to 770,000 had
no measurable effect on the blading performance or on the
cascade flow quality. This can probably be explained as
being due to the controlling influence of a leading edge
separation bubble on the suction side boundary layer transi-
tion [Ref. 6]. Conducting tests significantly above a pre-
scribed threshold Reynolds number is therefore unnecessary
for this blade set. It is noted that when operating at
Reynolds numbers of 500,000, adjustment of the IGV assembly
with the cascade running may be possible in the future after

further stiffening of the actuating mechanism.

C. TEST REPEATABILITY

Run-to-run repeatability of cascade performance para-
meters was satisfactory as was build-to-build repeatability.
The total uncertainties in the measurements of AVDR, loss
coefficient, deviation angle and static pressure rise co-
efficient were about 0.01, 0.005, 0.4 degree, and 0.02

respectively.
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D. COMPARISON WITH CINA

Figs. 8 through 13 each contain a broken line showing
the results of Cina's DCA cascade tests. Differences be-
tween the two data sets are apparent. Given a specific
incidence angle, Cina reported a lower loss coefficient,
deviation angle and AVDR, and higher sFatic pressure rise
coefficient. Three contributing factors can be cited.

First, and most importantly, Cina operated with a different

IGV assembly that did not deliver periodic conditions blade-
passage to blade~passage. Secondly, he used a plenum which
gave less stable, more turbulent supply conditions. Finally,
the upper and lower traverse probes were carefully recalibrated

after Cina completed his tests.
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VII. CONCLUSIONS

Based on an examination of experimental data the
following conclusions are drawn.

1. The cascade flow was satisfactorily uniform.
Uniformity existed at the upper and lower planes over at
least 20% of blade span near midspan and at the lower plane
(midspan) in the blade-~to-blade direction for all measured
flow parameters at all tested inlet conditions.

2. The cascade flow was satisfactorily periodic.
Periodicity existed at the upper plane (midspan) in the
blade-to-blade direction for all inlet conditions tested.

3. The cascade flow was not shown consistently to be
strictly pseudo two~-dimensional. Accounting for streamtube
contraction due to side wall boundary layer thickening from
lower to upper measuring planes introduced additional small
terms into the equation for the axial force component. How-
ever, the calculation of the axial force is dominated by
the difference between two pressure-area integrals of much
greater magnitude.

4. Cascade performance parameters were not measurably
affected by varying Reynolds number in the range 500,000
to 770,000.

5. Test conditions can be repeated within an acceptable

uncertainty from run-to-run. Build-to-build conditions can

29
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2 also be successfully repeated.

&3 6. Use of the plexiglass north wall instead of a steel
. wall had no measurable effect on the results.

7. Inlet guide vanes cannot be safely adjusted with

7Y the cascade operating.
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VIII. RECOMMENDATIONS

iy o

It is recommended that the following actions be

considered.

Canllal ]

Ny

1. The inlet guide vane assembly should be modified
to allow adjustment of the IGVs while the cascade is running.

2. Yaw balancing manometers should be inclined in order

e

.

to provide the experimenter with better inlet and outlet
air angle measurement sensitivity.

. 3. The motor driven yaw and spanwise positioning systems

mounted on the upper traverse caused a significant bending
- moment to be placed on the probe blade-to-blade slide. No-
; ticeable wear of the upper traverse mechanism took place
during the course of twenty test runs. Removal of the power
yaw and span drives in favor of a lighter-weight mount similar
to that at the lower plane is recommended.

4. Provide ready data file transfer from the HP-9845A

cassette tapes to the IBM 3033 computer so that advantage

can be taken of the DISSPLA graphics capability available

LA Al

at the NPS Computer Center.
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TABLE I. MEASUREMENT UNCERTAINTY

Items Description Method Uncertainty
X Blade-to-blade displacement Position £.01 in.
x® 0 in. West end potentiometer
x = 60 in. East end
z Spanwise displacement Position +,01 in,
z= 0 in. North wall p otentiometer
z = 10 in. South wall on probe mount
Bl Inlet flow yaw angle Angle potenti- +,2 deg.
ometer on probe
mount (hand
adjustment)
32 Outlet flow yaw angle Angle potenti- +.5 deg.
ometer on probe
mount (motor
driven adjustment)
| 4 Plenum total pressure Tuba in +.01 in. H,O
plen 2
plenum chamber gauge
va=20
Ps Ctatic pressure at the Calibrated pneu- .1 in. H,0
test plane matic probe gauge ~  °
Pwt Static pressure at Static tap on t£.01 in. H,0
x =0 in., y = =-16.25 in., North wall gauge <
z =0 in.
?AIH Atmospheric pressure Mercury barometer
P Pressure Scanivalve +.01 in. H20
transducer gauge
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TABLE III. CASCADE CONFIGURATION PARAMETERS

Constants

Blade type

Number of blades
Spacing (inches)
Solidity

Thickness (% chord)
Camber angle (degrees)
Stagger angle (degrees)

DCA
20
3.0
1.67
7.0
45.72
14.27




TABLE 1IV.

X-COORD.

-0.044
-0.021
0.013
0.178
0.400
0.622
0.844
1.067
1.289
1.511
1.733
1.956
2.178
2.399
2.622
2.844
3.066
3.288
3.511
3.732
3.955
4.177
4.400
4.621
4.844
4.908
4.943
4.966

R

3

« .o p
B
A 92

TEST BLADE COORDINATES

Y-SUCT.

0.000
0.039

(RN




VARIABLE TEST PARAMETERS

TABLE V.

Test Blo
Number

1 39.02
2 38.68
3* 38.34
4 38.89
5 42.66
6 43.13
7 45.92
8 45,89
9 31.32
10 31.56
11 27.90
12 27.55
13 39.28
14 39.40
15 39.16
16 39.36
17 35.50
18 35.60
19 24,74
20 24.63
*Note:

.0
1

1.89
1.55
1.21
1.76
5.54

5.99

8.79
8.76
-5.81
-5.57
-9.23
-9.58
2.15
2.27
2.03
2.23
-1.59
-1.50
-12.39
-12.50

Reynolds
Number
773,000
511,000
701,000
491,000
518,000
771,000
768,000
493,000
560,000
503,000
502,000
626,000
545,000
676,000
527,000
604,000
643,000
525,000
535,000
611,000

Data from run number 3 not plotted

because data set was judged to be

too coarse.
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TABLE VII. FLOW PERIODICITY AND PSEUDO TWO-DIMENSION-
ALITY SUMMARY*

Incidence Periodicity Pseudo Two-Dimensionality
angle based on blade based on blade force coef-
(degrees) stati¢ pressures ficient diagrams
Amagnitude(®) A dlrectlon( )
-12.50 imperfect - 2.1 10.0°
-12.39 imperfect 13.0 25.0°
- 9.58 acceptable - 1.5 3.0°
- 9.23 good 41.3 27.0°
- 5.81 good -19.1 7.5°
- 5.57 good -20.0 3.5°
- 1.59 good -25.2 24.5°
- 1,50 good 16.5 22.5°
2.27 good - 4.6 2.5°
2.23 good - 2.4 2.0°
5.99 good - 0.7 7.0°
5.54 good - 6.1 4.0°
8.79 good - 3.4 1.5°
8.76 good -16.2 -5.0°

*Note: Data from six additional runs at design incidence
angle are not presented.
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APPENDIX A

A. FLOW QUALITY DOCUMENTATION

1. Uniformity

Uniformity of dynamic pressure (Q/Q), static pres-
sure (APs/Q), total pressure (APt/Q), non dimensional velocity
(X/X), and Beta for spanwise surﬁeys at the inlet and outlet
planes and blade-to-blade surﬁeys at the inlet plane at each
test condition are shown in Figs. A.l through A.105. Photo-
graphs of upper and lower static pressure distributions for
each incidence angle and Reynolds number comprise Figs. A.106
to A.119.

2. Periodicity

Periodicity of (Q/Q), (APs/Q), (APt/Q), (X/X) and
Beta for blade-to-blade surveys at the outlet plane and
adjacent blade pressure distribution for each test condition
are shown in Figs. A.120 through A.168.

3. Pseudo Two-Dimensionality

Blade force coefficients for each test condition
are plotted in Figs. A.169 to A.182.
4. Notation
The parameters plotted in Figs. A.1 to A.105 and

Figs. A.122 to A.154 are defined as follows:
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. ACIRI S A I 4

)
"_‘ 1-. -

S

‘Parameter
Q/Q

APsS/Q
APt/Q

X/X

Meaning
local value of Q/Q 2
(Ps - sz) /Q

(Pyen = Py) /D

local value of X/X

"Barred" quantities apply to the specific measurement

plane and are calculated over a prescribed integration in-
terval--usually one blade space.
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SPANNISE TRRAVERSE (! in. from suction side)
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APs/G  (lower plane) VS BTOB POSIT: t = 5.6 DEG
BLADE TO BLADE TRAVERSE (midspan)
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APe/Q (lower plane) VS SPAN POSIT: | = 8.8 DEG
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1 = -1.59%, Re = 643,000

1 = -1.50%°, Re = 525,000
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R = Right Adjacent Blade
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APPENDIX B

A. STORAGE OF EXPERIMENTAL DATA

1. Storage Devices

a. Casgsette Tape
All raw and reduced data acquired during the
current study via the HP-3052A acguisition system were stored

on cassette tape. Table B.l summarizes the raw data file-

LGN

names according to inlet air angle and cassette tape number.

alal '!‘q‘~' ol
. AL RL NGRS,

Tapes were filed with the Director, Turbopropulsion Laboratory,

PR

Naval Postgraduate School, Monterey, Ca.
b. File Naming Scheme
All files were named using a six character alpha-
numeric code that allowed the investigator to immediately
identify stored data in any file and on what date it was
recorded. Here is how the code works.
1st character: Indicates the type of traverse conducted
("B"lade-to blade, "S"panwise or "I"nstrumented blade data).
2nd character: Indicates the "state" of the data set
(ra"w", re"D"uced or "F"inal).
-, 3rd character: Indicates which probe was involved in
taking the data set, either "U"pper or "L"ower. No letter
here means that the probes acquired data simultaneously.
4th, 5th and 6th characters: These numbers indicate

the julian date in 1983 that the test run was conducted.
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For example, a file containing data from a raw blade-to-
blade survey uéing the upper probe conducted on January 15,
1983 would be named BWUO1l5. When upper and lower probes

were traversed together the "U"pper or "L"ower character

was dropped and the entire julian date filled the remaining
four spaces. For example, if the upper and lower probes

were both traversed in the blade-to-blade direction on Jan;
uary 15, 1983, the resultant raw data filename would be named
BW3015.

Sometimes, in order to completely describe a
reduced data file, parts of the julian date had to be sacri-
ficed. Raw data from a spanwise survey of the upper probe
one inch from the suction side of the centermost instrumented
blade conducted on February 1, 1983 would be named SWSU32
("S"panwise, ra"w", 1 inch from "S"uction side, "U"pper probe,
julian date 30"32"). It should be noted that when spanwise
surveys were conducted, both probes moved together. To pre-
clude interference of the lower probe wake with the upper
probe measurements, the upper probe was place 1 inch from
the suction side, and the lower probe was placed 'l inch from
the pressure side of the center blade. The composite data
file was named with the upper probe in mind, however, even
though the lower probe was stationed at a different blade-
to-blade position. For example, a raw spanwise survey named

SWS077 would show that the upper probe was 1 inch from the
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suction side of the center blade, while the lower probe was

1l inch from the pressure side.

Some specialized filenames reflect the type of
data stored. Referencing constants calculated for a test
conducted on February 15, 1983 would be named RC046A or
RC046B where the "A" would mean that the referencing constants
were calculated using the plenum total pressure and the lower
wall static pressure as reference total and static pressures.
"B" would indicate that the reference total and static pres-
sures were supplied by the pitot-static probe.

2, Thesis Logbook

A chronological log of the present study with notes

and printouts of all data files was deposited with the Director,

Turbopropulsion Laboratory.

B. PROBE CALIBRATION DATA

A folder documenting the calibration of United Sensor
probes serial number 847-1 and 981-2 was filed with the
Laboratory Manager, Turbopropulsion Laboratory. Non-dimensional
velocity (X) and pitch angle (PHI) calibration files for
both probes appear on each data storage cassette tape. Their
names reflect the file type and the applicable probe. For
example, the pitch angle calibration file for the 981 probe
is named "PHI981", the X velocity calibration file for the

847 probe is named "X847", and so on.
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¥ TABLE B.I. RAW DATA STORAGE
N Raw Raw Raw Tape
3. ] 1 BTOB Spanwise Instrumented Number
R Data Data Blade Data
7 24.63 BW3144 SWS144 IW3144 11
) 24.74 BW3143 SWS143 IW3143 11
¥ 27.55 BW3123 SWS123 IW3123 7
: , SWP123
A 27.90 BW3125 SWS125 IW3125 7
k. SWP125
31.32 BW3119 SWS119 IW3119 6
¥ SWP119
] 31.56 BW3121 SWS121 IW3121 6
1 SWP123 :
- 35.50 BW3138 SWS138 IW3138 10
3 35.60 BW3139 SWS139 IW139B 10
: 39.02 BWU077 SWU077 IW077 2
¢ BWLO77 SWLO77
' 38.68 BW3082 SW3082 IW082B 2
; 38.34 BW3097 SW3097 IW3097 3
o
g . 38.89 BW3103 SW3103 IW3103 3
§ 39.28 BW3127 SWS127 IW127B 8
SWp127
. 39.40 BW3128 SWS128 IW3128 8
y SWP128
¥ 39.16 BW3129 SWS129 IW3129 9
5 SWP129
ol 39.36 BW3133 SWS133 IW3133 9
3 42.66 bw3109 sws109 iw3109 4
' swplo9
' 43.13 BW3110 SWS110 IW110B 4
; SWP110
¥ . 45.92 BW3114 SWs1l14 IW3114 5
v SWP11l4
A 45.89 bw3114 sws1ll4 iw3114 5
! swplld
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APPENDIX C

EFFECT OF AVDR ON THE AXIAL FORCE COEFFICIENT DERIVED
FROM PROBE SURVEY DATA.

The notation used in this section follows [Ref. 14] and
[Ref. 15]. The application of the principle of momentum
conservation to the control volume shown in Fig. C.l results
in the following expression for the resultant force on the

control volume;

Rem [ Tan- [+ L.+ [ R

Ai ~y_ :& :gl 'SE
+ | dF. 4+ | dF,
e
= R, 4, & Ry 1y (c-1)

- AVDR —|
(W)

@Ay
"t——aut(ﬁi) Y[——i-}'(ry)

Figure C.1l. Blade Space Control Volume
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In the enlarged view of the edge of curved surface a, the

'..',4.',."- 5

! A

unit outward normal vector, n_ , is giVen by the relation

LY OV YN N Y

a.

A =¢ 30(2 - Sinel A
Ny = <O 7 Y (C-2)

Al W

PO
TR WY

and similarly, on surface b, nb-is given by

o,
I

. A A : 2
nL--. COSO(A)( + S\neX A? - (C-3)
§ The elemental area "s" on the curved sidewall of the control
& volume can be expressed as the projection of an element of

the base area dS, where

" = dx d
3 ds Y (C-4)
bl so that,
N d4 = dxay
'_-.; Coso( (C-5)
£y - Resolving the elemental force, dF , acting on the curved
@ sidewalls of the control volume into normal and sheer compo-
;j : nents gives A
i) - A ~
< 2 - hd&-lxdb
| dF = -p (c-6)
?3 Neglecting wall friction, T , the tangential force becomes:
Iy

Pwt - .S; 9‘ Val v“'l dAl B 5 91%2\/“sz1 (Cc-7)

J 2

o and the axial force becomes:
Y Rwe= | oVa dA - £V, dA+\ pdh,
X! o ' ) \ T %2
S, Sz S\
‘ | - — (C-8)
) - A A
-fpdhs [ 2ydk e | ydR,
; S; a.
Z

AT I e 4 S
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Using Eq. (C-2), Eq. (C-3), Eq. (C-5) and Eq. (C-6),
A dE = (2 ] N £.)] dxd
[y R = [ Ppleosttysnaip)] ey
='j~-1btixtiir

o

(C-9)

and similarly,
S A dF: = J -pdx d

5*7 b 5 P (4 ' (C-10)
which represent additional axial force components due to
pressure forces on the control volume side walls.
Equation (C-7) is identical to Eqg. (B-3) of [Ref. 1] which
was derived for a strictly two-dimensional flow. Substitu-
tion osf E;q. (C-9) ?nc; Eq. s(C-lO) intosEq. (C-8) yields,
PV; _[ fi Va.@VDR)dx- J;fzv"zd“jo f'(AVDR) dx .J;'ﬁ-dx -Zj;f( y)d}d# (C-11)

- which contains a fifth axial force term not included by Cina,

and a modification of the first and third .terms resulting
from the effects of AVDR.

Since the precise function p(y) is not known from

station 1 to station 2, a linear change of pressure with

i

y was assumed as depicted in Fig. C.2.

£ 4

|
_ P Q/wﬂ

Figure C.2. Assumed Pressure Function

S TR 2

=

The fifth term of Eq. (C-11) can then be approximated as:
- )d d = - ") R-p° .
2{pipdpdx =-§ Ep (AVDR-D+ [(ﬁz_.f_.)]l:Avoe 1]}
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Assuming that

S
5,8 AVIR = [ p,- AVDR: dx

| (c-13)
substitution of Eq. (C-13) and Eq. (C-12) into Eq. (C-11)

yields,

Rug = _(:?. Vaz, (AVDR)dx - J:P,_Va:dx + J:—SP\ dx
-Lsf"dx- {[(ﬁzﬂ] [AVDR-\]S} (co14)

Equafion (C-14) was reduced to force coefficient form
using procedures explained in [Ref. 1] and then incorporated

into existing software documented in [Ref. 8].
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