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ABSTRACT

Two dimensional flow measurements of Mach number and flow angle were

ducted d ofa ic fan-blade cascade at a Mach number of 1.4

to provide baseline data for assessing the effect of vortex generating devices on

the suction surface shock-boundary layer interaction. The experimental program

consisted of the design and calibration of a ing three-p ic probe
to measure Mach number and flow angle and initial cascade measurements to
provide baseline data for the fully-mixed-out total pressure loss coefficient and
flow turning angle. Similar tests are planned with the vortex generating devices
installed. Comparisons with and without the vortex generating devices are
needed to quantify the overall effect on the shock-boundary interaction in a
transonic fan-blade passage, and to assess the potential for using vortex

generating devices in military engine fans.
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LIST OF SYMBOLS

ap-ag Coefficients of Eq. (5)

bo-b3 Coefficients of Eq. (6)

Cp Specific heat at constant pressure
ds Distance of one blade space

dy Staggered passage width

M Mach number

P Pressure

Pr Stagnation (total) pressure

P1 Probe pressure (center tube)

P2 Probe pressure (side hole-facing down)
P3 Probe pressure (side hole-facing up)
P23 Average of P2 and P3

Tr Stagnation temperature

v Velocity

Vr Limiting velocity

Dimensionless velocity
B Defined by Eq. (3)
B; Flow angle
Ratio of Specific Heats
Defined by Eq. (4)
Flow angle to the probe axis ( and to inlet flow direction)

Pitch angle

6 o @ o =

Pitch angle at Xj=constant



© Mass-averaged loss coefficient

Orixed Mixed-out loss coefficient defined in Appendix E, Eq. (13)
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I. INTRODUCTION

The requirement to achieve higher compressor ratios in the fan stages of
military and civilian engines has led to increasing supersonic relative inlet Mach
numbers. The higher Mach numbers lead to stronger shock waves forming in the
Totor passages near the blade leading edge. These strong shocks interact with the
turbulent boundary layer on the suction side of each blade to produce the flow

field depicted in Figure 1.

Rotation

_a—Shock

/

Free Shear Layer

M>1.3 /
/ FLOW

Turbulent
Boundary Layer

Lambda Foot

L thickness
77777

Figure 1. Shock-Boundary Layer Interaction

The shock-boundary layer i ion is ized by the lambda foot
and a local region of reversed flow. The strong shock-boundary layer interaction
adversely effects the total pressure ratio and flow turning angle of the compressor
blade row. A concept for alleviating the shock-induced boundary layer
separation is the use of low-profile vortex generators affixed to the suction

surface of the rotor blading, some distance ahead of where the shock impinges.




Vortex generator devices alleviate the shock interaction by energizing the low
momentum region of the boundary layer with relative near-freestream flow via
streamwise vortices. The vortex generators reduce the relative total pressure loss
in the rotor by reducing the size of the local separation and also improve the flow
turning angle toward that required by the design. In the present study, 6-5-1
"Triangular Plow Vortex Generators”, depicted in Figure 2 and described by
McCormick [Ref. 1] and United Technologies Research Center [Ref. 2], were to
be used in a model transonic Fan-Blade cascade to quantify their effect on the
total pressure losses and flow turning angle and thereby assess the potential

benefits of this technique.

6-5-1 Triangular Plow

z
v

‘IB‘_.X

3

Figure 2.  Low-Profile Vortex Generator

The model cascade was first b

and op! d by Collins

[Ref. 3]. First successful static pressure measurements were made by Golden

[Ref. 4] and impact probe traverse measurements by Myre [Ref. 5]. Tapp [Ref. 6]

showed that periodic itions could be achieved at the design flow
angle using wall bleed. In the present study, a three-port traversing pneumatic

probe was designed, calibrated, and used to measure dimensionless velocity and




flow angle over the outlet of a blade passage. These values were used to
calculate a fully-mixed-out condition, and hence the total pressure loss and flow
turning angle. A follow-on study will apply the techniques reported here to
assess the effects of vortex generators. In the present document, Chapter IT
describes the design and calibration of the three-port probe and the transonic fan-
blade cascade model. Chapter III describes the experimental program and test

results. Chapter IV includes the lusi and i for further

work.




I1. EXPERIMENTAL DEVELOPMENTS

A. PROBE DESIGN

To measure Mach number and flow angle behind the model fan-blade
passage required a probe that was sensitive to only Mach number and pitch
angle, since the yaw angle was zero at mid-span. It was desirable (though not
necessary) that the arrangement of sensors would result in two pressure
coefficients such that one was insensitive to changes in pitch angle at constant
Mach number and the other insensitive to changes in Mach number at constant
pitch angle. AGARD-AG-207 [Ref. 7] reported probe designs that had such

characteristics, which guided the present design shown in Figure 3.

Probe Tip Enlarged

Front View Tip Top View

0.125" D
Side View

Figure 3.  Probe Tip Enlarged



Additionally, the probe was required to measure velocities in a shear layer as
it traversed through the fan-blade wake, which required that the ports all lie in the
same plane. Myre [Ref. 5] developed a traversing impact probe system for use in
the present experiment with the ability to accommodate different probe tips. The
present probe was designed to fit the existing probe holder and traverse system
for use with the current data acquisition system hardware and software reported
by Myre [Ref. 5]. A three-port pneumatic probe was chosen using 0.032" OD
stainless steel tubing. The center port was cut normal to the tunnel axis with the
outer two ports shaved to an angle of approximately forty degrees in opposite

directions.

B. PROBE CALIBRATION

The probe calibration was carried out in the Turbopropulsion Laboratory's
free-jet calibration apparatus which is shown in Figure 4. The probe holder
assembly is described by Myre [Ref. 5] and depicted in Figure 5. The nozzle of
the free-jet was 4.25 inches in diameter and was fed by an Allis-Chalmers
compressor delivering air at a pressure of up to three atmospheres. The Mach
number range of the free-jet, which exhausted to atmosphere, was from 0 to 0.9.
The probe holder was attached to an apparatus mounted to the free-jet nozzle
which allowed the operator to accurately set and vary the pitch angle of the
probe, as required for the calibration. A Prandtl probe was installed 0.5 inches
from the jet centerline to provide redundancy in the measurement of Mach

number.




Probe Support Structure

Figure 4. Free-Jet Calibration Apparatus

il
im )

Figure 5. Probe Holder Assembly




1. Data Acquisition System
The pressure measurements of the probe (3), free-jet static pressure
(atmospheric), and free-jet total pressure were acquired using a +/- 50 psid
Scanivalve transducer controlled by a Hewlett-Packard 9000-300 series
computer. The HP 9000 computer sent commands via a HG-78K Scanivalve
controller developed by Geopfarth [Ref. 8] to the Scanivalve. It in turn sent the
measured voltage of the transducer to a HP 3456A digital voltmeter, which was
read by the computer. The voltages were recorded and converted to psia in an
HP BASIC data acquisition program, "CAL_ACQ", listed in Appendix A. Golden
[Ref. 4] describes in detail the use of the data acquisition system.
2. Program of Measurements
‘The impact probe and probe assembly were removed from the transonic
cascade and the new three-port probe design was installed. The new probe and
probe holder assembly were mounted in the free-jet calibration apparatus. The
probe was leveled in its mount, then securely fastened in place. The probe tip
was located at the center of the free-jet, which has been shown to have a uniform
velocity profile by Neuhoff [Ref. 9]. The free-jet static and total pressures were
used to calculate the jet Mach number and limiting velocity using isentropic gas
relations with the ratio of specific heats equal to 1.4. The relation between total

(stagnation) pressure, static pressure, and dimensionless velocity is

()

where




The Mach number was held stable while 12 pitch angles were set in turn
and pressure data were recorded. The Mach number was varied in steps of 0.1
from M = 0.2 to 0.9, giving a total of 96 calibration data points. In the calculation
of dimensionless velocity the center port pressure measurement was taken to be
total pressure since it was always in the center of the flow and always read
slightly higher than the Prandtl probe total pressure. The static pressure was
taken to be atmospheric, which was consistent with the Prandtl probe
measurements. The raw data from the calibration are listed in Table B1 and Table
B2 of Appendix B.

3. Probe Characteristics

The derivation of the probe pressure coefficients followed the work of

Neuhoff [Ref. 9]. If P1 is the pressure at the center port and P2 and P3 are the

pressures of the two side ports, we define the average of P2 and P3 as P23, where

P23= P2+p3 [0))
2
and the two pressure i used to the calibration of the probe in
terms of Mach number and pitch angle are
P1-P23
Beta=B= N 3)
and
Gamma =T = % )
The measured characteristics of the probe in terms of Beta and Gamma
are shown in Figures 6 and 7 respectively. The Mach itive icient Beta




was found to be relatively insensitive to changes in pitch angle over the entire
Mach range. The pitch sensitive coefficient Gamma was found to be relatively

insensitive to changes in Mach number over the range of pitch angles.

Probe - Beta Characteristic - Run 21 Jan 1994

Pitch Angle - deg

Figure 6.  Beta Characteristic

Probe - Gamma Characteristic - Run 21 Jan 94
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Figure 7.  Gamma Characteristic



The insensitivity of Beta to pitch angle allowed the Mach number and
dimensionless velocity, X, to be approximated by a polynomial in terms of Beta
only. The polynomial for X as a function of Beta was derived utilizing the least-
squares method, using an average value of Beta over the range of pitch angle.
The program MATLAB was used to determine this polynomial and a choice of a
sixth-order polynomial was found to give the least error in X over the calibration
range. The polynomial is shown as Equation 5, with the values of the coefficients
listed below. The sixth-order polynomial is shown and plotted vs. the actual data

points in Appendix C.

X =agB® +asB® +a,B* +a3B% +2,B? +a;B+a,
a6 =-1733913.202
as = +679216.632

a, =—104416.881

a; = +8119.488 [©)
a, =-344.912

a,; =+10.120

ag =+0.018

A third-order polynomial for pitch angle was derived in terms of Gamma
at each average dimensionless velocity using the least-squares method and the
MATLAB software. The polynomial has the form of Equation 6 with the
coefficients summarized in Table 1. The third-order polynomials of pitch angle in

terms of Gamma are plotted vs. the actual data points in Appendix C.

@, =BT+ T2+ BT +by ©)

where X = constant



TABLE 1. PROBE CALIBRATION COEFFICIENTS
e

Xi;LJsJ‘ by |

| by bo
@ 0.1047 -0815 | 3.584 | 12251 -1.841
D, 0.1397 0.156 0.412 [ 12.112 -1.548
D3 0.1812 19.817 -5.526 ‘ 9.996 -1.461
L] 0.2192 ‘ 13.149 -3.288 T 11.104 -1.973 ‘
s 0.2650—‘ 15.897 ‘ -5.54@‘ 12.155 | -2.072
g 0.3002 | 3.438 ‘ 0.520 ‘ 13.270 ‘ -2.268 |
®; | 03378 11.242 ‘ -2.607 | 13736 2349 |
Py 0.3698 11.968 J -3.634 14.607 -2.347
4. Application of the Calibration

The method of application of the calibration was first to take the

and

probe

the coefficients Beta and Gamma. From

the Beta coefficient, the dimensionless velocity could be determined immediately

using the sixth-order polynomial. With the dimensionless velocity known, the

third-order polynomials of pitch angle in terms of Gamma could be calculated for

the curves associated with the values of the dimensionless velocity above and

below the calculated dimensionless velocity. An interpolation scheme given by

Nakamura [Ref. 10] was then used to interpolate for the pitch angle at that

known velocity and value of Gamma. The results of applying the calibration

method to the actual data is given in Appendix C. Over the entire range of the

calibration the uncertainty in dimensionless velocity was found to be +/- two

percent with a confidence of 70 percent. The pitch angle uncertainty was found




to be +/- 0.2 degrees with a confidence of 76 percent. Above a dimensionless

velocity value of 0.18, the level i d due to the imp:

of the data isition system at the higher velocities. Above this
velocity, where most of the cascade measurements were to be taken, the
confidence in determining dimensionless velocity and pitch angle accurately rose
to 73 percent and 96 percent respectively. A Kline and McClintock uncertainty
analysis [Ref. 11] was performed and at the lower velocities, X< 0.18, the
uncertainty in Beta and Gamma was much higher than at the higher velocities.
This explains why the calibration scheme is more accurate at the higher velocities
and why the Gamma characteristic behaves poorly at lower velocities. The
calibration application program, written in Hewlett-Packard Basic is listed in the

data reduction program "NEW_READ_ZOC1", in Appendix D.

C. TRANSONIC CASCADE MODEL AND DATA ACQUISITION
1L Transonic Cascade Model

The transonic cascade model attempts to simulate the relative flow at
M=1.4 on a stream surface through a Navy developmental transonic fan. The
current model has been shown by Golden [Ref. 4] to be closely two dimensional
with the placement of the shock structure set manually using an in-line
shadowgraph while adjusting back pressure and bleed valves. The vertically-
traversing probe assembly designed by Myre [Ref. 5] was used with the new
probe design. Myre also describes the use of the traversing system [Ref. 5]. The
wind tunnel facility is shown schematically in Figure 8. The transonic cascade
model test section is shown in Figure 9. The model simulation is of the flow
through two passages of the transonic blading geometry which is shown in

Figure 10. In the cascade simulation, the design pressure ratio and shock
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structure at the design incidence were set using the "Back-Pressure Valve (BPV)".
A "Back-Pressure Bleed Valve (BPBV)" was used for fine adjustments in setting
the proper shock structure (Figure 8).
2. Data Acquisition System
The data acquisition system utilized in the present study was used
previously by Tapp [Ref. 6]. One +/- 50 psid ZOC-14 enclosure was used to
record the three pressures of the traversing probe. Plenum and wall reference

pressures were also recorded. The data acquisition program "NEW_SCAN_ZOC"

[Ref. 5] was modified slightly to allow the probe hanism to i

in smaller steps through the wake, in order to improve the spatial resolution. To
change the increment step size required a change in only a single line of code.
The initial starting point of the probe-traverse assembly was also changed by a
single entry.

The data reduction program "READ_ZOC2" [Ref. 5] was modified for
use in the current study and renamed "NEW_READ_ZOC1". The principal
change was the application of the routine to return dimensionless velocity and
flow angle from the three pressure measurements. The calculation of the fully-

mixed-out condition was also calculated in the program. The program is listed in

Appendix D and the calculation of the fully-mixed-out dition is summarized in
Appendix E. A complete derivation of the method for calculating the fully-
mixed-out dimensionless velocity, flow angle, and total pressure is contained in

Reference 12.
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III. EXPERIMENTAL PROGRAM, RESULTS AND
DISCUSSION

A. EXPERIMENTAL PROGRAM

The experimental program consisted of a series of initial runs with equal-
increment probe traverses through the center blade wake. These tests were used
to refine the operation of the pressure valves in setting the shock structure, to
become familiar with the data acquisition procedures, and to verify the revised
coding of the data reduction program "NEW_READ_ZOC1". Repeatability tests
were then conducted to verify that the impact probe measurements compared
with previous results reported by Myre [Ref. 5] and Tapp [Ref. 6]. Once these
tests were completed the number of data points in the blade wake was increased
to provide better resolution through the wake. These tests were used to examine
probe-derived static pressure and angle distributions through the wake. Finally,
five tests were conducted to provide baseline data and to establish the fully-
mixed-out condition for use in studies to assess the effect of vortex generating

devices. In all the tests, the shocks in the upper and lower passages were

ly set to the exp d on-design position, using the following procedure:
. 1. The tunnel was allowed to become steady at a plenum
pressure of 33 psig.
= 2 ‘While carefully monitoring the shadowgraph, the BPV
was closed by four smooth movements of the hydraulic jack
handle.



. 3. A fifth movement of the jack handle (done smoothly)
was stopped just as the lower passage shock was in position
at a mark on the tunnel side plate (visible in the
shadowraph).

. 4. The BPBV was closed until the upper passage shock
was in the corresponding position. Its position was
i visually th hy the data isition during

the probe traverse.

B. REPEATABILITY TESTS
These tests were run to compare the mass-averaged loss coefficient results

obtained with the new probe and those obtained by Myre [Ref. 5] and Tapp

(Ref. 6], using an equal-i traverse p across a distance of two
inches. The probe tip was approximately 1 1/8 inches downstream of the trailing
edge of the middle blade with the probe starting its traverse 1.0 inch above the
level of the blade trailing edge. Figures 11 and 12 show the blade-wake pressures
vs. vertical position during the traverse. Table 2 summarizes the results of tests in

which tunnel supply conditions were held reasonably constant.

TABLE 2. REPEATABILITY TESTS: 2/24/94 RUN 2 AND RUN 4
Run # Patm (psia) P2/pP1 Tr(R) a

2 14.72 211 514.5 0.0842

4 14.715 2.09 513.0 0.0847

‘The raw pressure data for the complete test program are listed in Appendix F.
The mass-averaged losses compared well ( to within three percent) with previous

results [Ref. 5 & 6] with similar tunnel conditions. The data confirmed that the




probe, data acquisition system, and data reduction process were operating

properly.
Blade Wake Survey-2/24/94 Run #2
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Figure 11.  Blade Wake Survey:  2/24/94 Run2
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Figure 12. Blade Wake Survey: 2/24/94 Run4
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Probe-derived static pressure profiles are shown in Figures 11 and 12. It is
seen that the static pressure on the suction side of the blade was lower than that
on the pressure side, implying a higher velocity in that portion of the upper
passage. A change in static pressure through the wake can clearly be seen. Both
runs show a reasonably periodic condition in the cascade model based only on
the measured total pressure.

C. TURNING ANGLE DISTRIBUTION
Figure 13 shows the distribution of the flow angle derived from probe

measurements in three similar tests.

Angle Distribution vs. Vertical Distance Traversed

Yormal Resolution - |
Greater Resolution +

&
a

Ventical Position-in

&

8- Flow Angle (degrees)

Figure 13.  Angle Distribution Comparison
Figure 13 contains data from Runs 2, 4, and 5 of 2/24/94. As presented
previously, Runs 2 and 4 were equal-increment surveys for a two inch traverse.
Run 5 was a survey which stepped 0.03125 inches per increment through 22

points just prior to, and through the blade wake, providing better spatial



resolution. The start and end points remained the same for all three runs. The
data are seen to be similar for all runs. The angle distribution is characterized by
increased values of outlet flow angle (82) from the upper portion of the lower
passage (less turning). The value of B, from the upper passage approaches that of
the design value of 50 degrees. The flow angle behaves similarly to the static
pressure through the turbulent blade wake. Without further measurements, the
differences in flow angle and dimensionless velocity cannot be explained
definitively. The higher turning angle in the upper passage and lower turning
angle in the lower passage is most probably the result of the significant
differences in the wakes of the center and lower blades. The center blade is a true
blade wake, the lower blade wake is a mixing layer, with entrainment from the test

section cavity. In viewing the probe distributi it should be that

the traverse was not parallel to the blade trailing edges so that the lower part of
the traverse is further downstream of the blading than is the upper part. The data

do show that the angle distributions through the passages were repeatable.

D. PROBE STATIC PRESSURE DISTRIBUTION
Figure 14 shows a comparison of probe-derived static pressure for the same
tests as in Figure 13. The static pressure distributions all have the same form, and

were y The imp: ion blad: ke surveys clearly

show a steep decline in static pressure as the probe entered the blade wake, then
a sharp rise through the wake. The static pressure rises slightly again on the
pressure side of the blade wake, then stabilizes at a value above that of the upper

passage.
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Figure 14.  Probe Static Pressure Distribution

E. MODEL BASELINE MEASUREMENTS

The model baseline measurements were made using a survey distance of
1.656 inches (equal to the staggered-passage width, Figure 10) with the probe
starting position located 0.75 inches above the level of the middle blade trailing
edge. ZOC 1 was used for the probe surveys with the measured pressures and
their associated ports listed in Table 3. Table 4 lists the probe positions relative to
the starting point with point 1 being the beginning of the traverse above the
middle blade. Five runs were made to determine the flow profiles and the baseline

loss coefficient using the fully-mixed-out as shown in

Appendix E. Table 5 lists the tunnel conditions for the five runs and Table 6 lists
the results of the fully-mixed-out calculations. Figures 15 through 19 show the
blade wake survey results output by the data reduction program
"NEW_READ_ZOC1".
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TABLE 3. MEASURED PRESSURES AND PORTS ASSIGNED
Measured Pressure psia Port Assigned
ic 1 |
P1 32
P2 24 ‘
P3 25
Upstream Static 29
Downstream Static 30
jl;num 31
TABLE 4. PROBE TRAVERSE POSITON
Point Pl:seilt?(tlirr-ein Point Pl(}seilt?(girr-ein Point Pl;seilteil:)inv-ein
1 0 12 0.50 23 0.84375
2 0.0625 13 0.53125 24 0.875
3 0.125 14 0.5625 25 0.90625
4 0.1875 15 0.59375 26 0.9375
5 0.25 16 0.625 27 0.96875
6 0.3125 17 0.65625 28 1.00
7 0.34375 18 0.6875 29 1.13125
8 0.375 19 0.71875 30 1.2625
9 0.40625 20 0.75 31 1.39375
10 0.4375 21 0.78125 32 1.525
11 0.46875 22 0.8125 33 1.65625
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TABLE 5. BASELINE TUNNEL CONDITIONS
—_

Run# Upstream P2/P1 Tr(R) Plenum- | Mass Flux

Static-psia _psia Integral

| 15.279 2.09 518.7 48.45 0.9143

2 15.128 2.08 5197 47.94 0.9140

3 15.379 2.08 5182 48.76 0.9196

4 15.043 2.07 5182 47.75 0.9218

5 15.047 2.09 517.7 47.65 0.9227

TABLE 6. BASELINE FULLY-MIXED-OUT CONDITIONS

Run# X, | Piy-psia Brdeg | @i
1 0.3115 | 40.73 55.14 ‘ 0.2328
2 0.3118 ‘ 4031 55.15 ‘ 0.2327
‘\ 3 0.3100 40.58 54.73 ; 0.2450
4 0.3159 39.76 55.05 : 0.2443
S 0.3143 | 39.73 54.92 ! 0.2432
[LVE_RAGE 0.3127 \I 40.22 55.00 l 0.2396
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In all cases, the calculated fully-mixed-out total pressure (Pt3) was
repeatable and qualitatively showed a low but not unreasonable value when
compared to probe-measured total pressure distribution, which was reasonably
periodic. The probe-derived static pressure distributions were also repeatable,

and followed the trends of the previously di results. The fully-

mixed-out loss coefficient was more than twice the mass-averaged loss coefficient

as presented in Table 2. The fully-mixed Iculati bprog; in
"NEW_READ_ZOC1" was verified by programming a known test case used by
Armstrong [Ref. 12]. It is noted that the test case was at low Mach number, rather
than the high subsonic range of the present measurements. However, it is also
noted that Armstrong also reported that much higher values were obtained for
the fully-mixed-out loss coefficient than for the mass-averaged loss coefficient,

when reducing cascade-flow survey data.
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IV. CONCLUSIONS AND RECOMMENDATIONS

In the present study, the velocity and flow angle distributions, and the fully-

mixed-out losses due to the shock-boundary layer interaction in the transonic

fan-blade cascade model, were at the design incidi angle. The
measured flow field and flow losses provide baseline values for planned
measurements with low-profile vortex generator devices installed. The fully-
mixed-out loss values were more than twice the mass-averaged loss values
reported by Myre [Ref. 5] and Tapp [Ref. 6] and repeated in the present study.
The measurements of pressure and flow angle distributions were repeatable. The
three-port probe, designed for the present study, gave excellent results in
measurements of static pressure, dimensionless velocity and flow angle, at

velocities greater than M = 0.4.

The following specific conclusions were drawn:

. Shock placement using the Back Pressure Valve (BPV), Back
Pressure Bleed Valve (BPBV), Porous Bleed Valve (PBV), and
in-line shadowgraph system was quick, and gave repeatable
results.

. The calculated fully-mixed-out flow losses were significantly
higher than mass-averaged results. This may have been due
to the probe not traversing parallel to the trailing edge, but a
more detailed analysis of how this would effect the
calculation needs to be made.

. The probe-derived static pressure in the flow from the
suction side of the center blade was lower than that from the
pressure side, indicating a higher velocity in the upper
passage.
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. Angle distributions obtained in the surveys were repeatable
and showed less flow turning from the pressure side of the
middle blade than from the suction side.

. The probe in its present location, traversing normal to inlet
velocity, could not determine the degree of periodicity in the
two-passage fan-blade model.

. The probe design had excellent characteristics at medium to
high Mach numbers and had the ability to measure
accurately in the wake shear layers. Measurements of static
pressure and flow angle through the blade wake were
consistent with previous experience at lower Mach numbers
[Ref. 13].

The following dations are made ing the present pilot and

follow-on research program:

. Use the same probe design but increase the range of the
angle calibration from -6 degrees to +12 degrees.

. Design and build an apparatus to calibrate the probe in the
probe holder while still attached to the motor-controller
assembly and utilizing the ZOC system for data acquisition.

. Make more measurements with the current system and
validate the calculation of the fully-mixed-out loss .

. Install the 6-5-1 Triangular Plow Vortex Generator Devices
and compare the loss measurements and the flow field to the
baseline results.
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Once these pilot experiments are complete, proceed to a
larger apparatus in which Mach number and cascade
geometry can be varied. In the larger apparatus, design the
traverse to be parallel to the blade trailing edge.

The larger apparatus should incorporate three blades to
improve the ability to simulate periodicity.
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APPENDIX A. PROGRAM "CAL_ACQ"
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APPENDIX B. PROBE CALIBRATION RAW DATA

TABLE B1. PROBE CALIBRATION RAW DATA X =0.10-0.22
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TABLE B2.

PROBE CALIBRATION RAWDATA X =0.26-0.37
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APPENDIX C. APPLICATION OF THE CALIBRATION
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TABLE Cl1. CALIBRATION METHOD RESULTS X =0.10-0.22
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TABLE C2. CAL[BRATION METHOD RESULTS X 0 26 -0.37
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APPENDIX D.

PROGRAM "NEW_READ_ZOC1"
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Figure D1. (cont) Program "NEW_READ_ZOC1"
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APPENDIX E. MIXED-OUT LOSS CALCULATION

The calculation of the total pressure loss coefficient in the fan-blade cascade

model required the cal

of fully-mixed-out-flow conditions. This
requirement was difficult due to the probe not traversing parallel to the trailing
edge of the blades, and the use of uneven spacings. Figure E1 shows the fully-
mixed-out control volume for the analysis, and the location of the traverse in the

fan blade cascade model .

o) Fully Mixed
'/ 0
! -
1 1 \stationary ¥
Inlet Plane i . Cascade 2@
Ttref
Xref

Figure E1.  Fully-Mixed-Out Control Volume
The equations for the analysis, reported by Armstrong [Ref. 12], were
programmed in HP Basic and are part of the data reduction program
"NEW_READ_ZOC1" listed in Appendix D. The analysis required that the probe
data be taken over a single blade space. Due to the probe traverse not traversing

parallel to the trailing edge, it was required that the program calculate when the
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probe had measured the same integrated mass flux at position 2 as had entered at
position 1( where nozzle free-stream conditions were known). The integral in

equation 1 was programmed as a subprogram labeled "Mass_flux".

d, 1
d, 71
F X (1-X,)7 P, %
1= Rl PR cosBd(50) )
0 T1 1

Xref(l—}(ref)E
where djis the staggered passage width of 1.656 inches and dg is the blade
traverse distance required for the analysis. By computing the integral at every
point in the traverse, the distance ds was determined where the integral became
unity. Once the proper blade space distance was known the following equations
could be calculated using the subprogram "Dat_int" which was an integration

scheme designed to integrate a function over non-equispaced points.

1

Al oyl
I ZIM-i-cosﬁzd(i) @
— Pry s

® Xref (1- Xref)!™!

1

a1 2 2471
X (1-X, P, N
Izzj———z a-%" -—P" ~cosﬂzsmﬁ2d(§) 3)

0 Xref2(1-Xref?)r™!
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7 S
1 (l—Xzz)V"+(%)-X12(1—X22)7_l-c0s2[31
h=| L@
3 o S Prg S
Xref2(1-Xref2)?™!

A= Xref - 72 =Xz sin B )
I

A [(1-x32)+( )x3 cos’ ﬁ,]

LY S S e S| 6
B XreflA ;00555 ©)
1
1 2
C=[7_+_] Q)
7-1
ol 327}
y-1 7-1
2 A 2 A A
E=[]—[—7]A2:I +A2B? ©
7-1

5 _-D+VD?—4cE
2C

where the subsonic root of X3 is chosen

X; (10)
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A

B3 :sin’l(i an
\X3

1 B
Xref (1= Xref? )11 Pp, ¢ Iy
SO A i B L

T (12)
X3(1-X3)7-1 cos Bs

The fully-mixed-out loss coefficient could be then be calculated using the
inlet total pressure, the fully-mixed-out total pressure, and inlet static pressure in

Equation 13.

Ptref — Pty

B 13)
tref — Pstaticref

When the above procedure was followed using the baseline test data, the

values obtained for ds were significantly greater than 1.656 inches. In reducing

the baseline data, the fully-mixed-out was using Eq. (2) -

Eq.(12), with the full survey distance (s), which was 1.656 inches.
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APPENDIX F. SELECTED RAW DATA

Daln Print Out for Zoc ® 1, Run B2, Fila7i041474
Perfor betunen samples (nnc): .AO3NIN30INTN
Sanple eollection rate (1) 190
Mumber of samples per port: 10
Vannth of data run (nec): 3

3
33
LBBZE et
14,02 s
2103071575
Sean Port lunber
' 7 B 29 0 gl M
' 15,410 g7 45,052

2 15,410 15023

3 15,368

4 15.443

5 15.399

[ 15,39y

7 15,377

0 15.356

) 15.421

" 15.291

1" 15,356

12 15,308

13 15,307

1" 15,452

15 15,349

16 15,419

7 15.432

18 15,346

19 15.399

20 15,421

21 15.367

22 15.432

23 15.464

24 15,356

25 15.410 45,456

] 15.464 5
15,377

20 15,443 45,662

29 15.339 45,050

30 15,399 45,901

31 15,432 46,983

32 15,443 45,205

33 15,421 46,219 46196

ure F1. Run2 2/24/94 Raw Data
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+1.26000 +.099772 b a1l
131260 CAeIRTT e 1208
1137500 £101110 (L 20R600 I
+1.43750 4100453+ L3men
11.50000 +.098859 4

+1.56250 +.093527

152500 4+.999679

+1.69750 +.099239

+1.75000 +.n98088
+1.81750 1.097238

+1.87500 1 097407

+1.93750 +.097314

+2.00000 1100405

losa conffiic
ure as caic

fhe cassade
dynantc o

mass averaasd quontities s

hased on tniet
wlgted using

shoun below.

a

anathe,
"

Planl - 637056520157 FSIA
Plma2 = 50.4993345376 PSin
PHI-PI = 30.1956451606 P3
Ttavg - 514.5 deg R
U_bar = 084206332192
Figure F1. (cont) Run2 2/24/94 Raw Data
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Figure F2. Run4 2/24/94 Raw Data
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rr

+0.00000 +.106918 ¢ +33.433232

+.06250 +.197433  +.403%64 433356188

+.12500 +.108677  +.401589 +33.454211

+.18750 1107047 4.437265 174589
5000 a7 1Az 133.195919
1250 £194200 4 414342 3TETNEE
7500 1103900 +.452525

+.45750 1103821 1457507

+.50000 4104520 +.457255

+.56250 +.104380  +.455215

+.52500 | +.104488  +.445434

+.58750 +.104028  +.445315

+,75000 5103950  +.463457

+.81250 £104172 4.520485

+.87500 4+.036681  +.599904

+.93750 +.079337  +.534307

+1.02000 +.042885  +.411459

+1.06250 4089435  +.Q85227

+1.12500 +.084875 - +.179722

+1.18750 +.102182 © +.222420

+1.25080 +.102727  +.219231

+1.31250 4101532 +.209219

+1.37500 £101325 © +.176241  5.320444

+1.43750 +.101580  +.159021

+1.50000 +.101350 . +. 1588

+1.56250 soeai7z  +123700

+1.52500 +.100061  +.090332

+1.68750 +.100457  +.079940

+1.75000 +.099595  +.0598787 " +.315674

+1.81250 4100238 +.044425 - +.317563  +34.660833

+1.87500 +.099511  +.90S169° 43315652 - 131.065673

+1.33750 +.098856 - -.038082 35.091 164

+2.00000 +.098613  -.862773 +34.089373

The cascade loss coefficient bassd on tniet
dynanic pressure as calculated using
mass sveraged nuantities m$ shoun below.

Pimal = 52.8913362148 PSIA
Pimaz = 49.7055979741 PSIA

PEI-P] = 37.5061347212 PSIA
Ttavg = 513 deg R

- )
RS : i

u_bar - 0847131241108

Figure F2. (cont) Run4 2/24/94 Raw Data
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Data Print Out for Zoc & 1 , Run & 5 , FileZR1414745
Frriod betueen samoles (sec): 0030303030305
Sanple collection rats (Hz): 330
Humber of samples per port: 19
Langth of data run Csec): 3
The scan Lo 18t 4
tushar of scans/traverses 2
Increment of traverse: L0575 Inches
Atmosoneric prescure ts: 1471 na
Tunnel Pressure Ratio is: 21262124713

Sean
o 20 o '
' 14,950
2 14.901
K 14,890
4 14.880
s 14.858
3 14.880
7 14,814
n 14.880
q 14.803
1w 14,782
1 14.880
2 14,847
k] 14.880
14 14.869
15 14,814
15 14.869
17 14,782
" 14.825
19 14.836
B 14.880 S
14.858
14,830 '
14.912
14.800
14,959
14.901 .
> 1a.912 14,981 ZIELE
=8 14.869 14,991 62,264 AN.M0
29 14.836 14.981 52,245 19,627
30 14,901 15.001 st 49,694
3 14,358 15.051 52,40 49.958
3z 14.901 15,061 L2200 49,873
33 14,912 44710 45.053  15.011 204 19.483

Figure F3. Run5 2/24/94 Raw Data
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+1.45000
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+2.90000

L 100061
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- gE
~lo8717s o
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0
i
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Figure F3.

(cont)

Run 5
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