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A linear turbine cascade was used to investigate the

effects of wake passage due to stator-rotor interaction.

The wakes were modeled by passing 1.98 - (0.078 in)

diameter bars upstream of a linear cascade blade row. Total

pressure lose coefficients, mass averaged total pressure

loss coefficients and velocities were used to characterize

the effects of wake passage.

Bar passing frequencies of 80, 160, 320 bars/sec were

tested. These frequencies were tested with the bars at 6.35

- (0.25 in) intervals and at two Reynolds numbers,

3.41 X 105 and 4.55 X 105.

Bar spacings of 12.7 -m (0.5 in), and 89 - (3.5 in)

were also examined. For a bar spacing of 12.7 - these

tests were made at a Reynolds number of 4.55 X 105 and bar

passing frequencies of 80 bars/sec, 160 bars/sec, and with

the bars stopped. For a bar spacing of 89 -m these tests

were made at a Reynolds number of 4.55 X 105 and bar passing

frequency of 40 bars/sec.

The varying Reynolds numbers did not affect the results

nor was there appreciable differences for the range of wake

passing frequencies. However, for the same bar passing

frequency, losses were effectively halved by doubling the

viii



spacing. The lack of influence of frequency and the effect

of spacing was consistent with the time scale used. Since

the maximum time scale reached was 0.95 any influence due to

changes in frequency were not felt in the blade passage.

Whereas, for the same frequency, with half the bars, there

were half the losses in the passage at any given time.
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I. Introduction

Wake Passage Effect

Bground An axial flow turbine has alternating sets

of rotors and stators. The stator acts as a nozzle and

accelerates the flow to the rotor. The rotor is rotating

relative to the stator, extracting work from the flow. The

flow from the stator, however, is not perfectly uniform.

The trailing edge of the stator will produce wakes that

travel into the rotor passage. Since there is a relative

motion of rotor and stator, these wakes also translate

across the inlet of the rotor.

These wakes passing into the rotor may influence the

performance of the turbine stage. They may affect the heat

transfer, the losses, or the blade boundary layer. How

these passing wakes influence the total pressure losses in

the rotor is examined here.

Cascade A linear turbine cascade is a model of an

axial flow turbine. A cascade (Fig. 1.1 a,b) is essentially

a cross section of the turbine blades attached to a hub of

infinite radius. When the spacing and geometry of the tip

and root of the blade are the same, a cascade is considered

linear.

The cascade model has been used since the 1919 (7:21),

and has contributed to the improvement of turbomachinery.
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The cascade model, however, does not normally take into

account the effects of wakes due to the relative motion of

the stator and rotor.

Models of Wake Passage A method of introducing wakes

in a turbine passage is described by Doorly (3:4.1-4.12).

Doorly uses the proposition that the upstream wakes could be

produced with bars protruding from a disk (Fig. 1.2) with

infinite radius. The main focus of Doorly's work is the

effect of wake passing on the heat transfer and blade

boundary layer.

Dring (5:5-6) used a full scale rotating turbine rig to

study the effect of periodic turbulence. His focus, like

Doorly, was on the effect on heat transfer.

For this thesis, wake passing was modeled by

translating a row of bars across the inlet to the cascade

blades. Unlike Doorly's model, however, the bars traveled

perpendicular to the flow and in a plane parallel to the

leading edges of the blades in the cascade. The direction

of bar travel represented the relative motion of a stator

and rotor.

Objective

The objective of this thesis was to measure total

pressure losses and investigate the affect of wake passing

on those total pressure losses. Three parameters which
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could influence the effects on the losses were varied. The

three parameters were: the Reynolds number (velocity), the

frequency of wake passing, and the spacing of the wakes.

In the following chapter the theory of the total

pressure loss, how wake passing was modeled, and why total

pressure loss is important is described. Chapter 3

describes the experimental apparatus used to model the wake

passing and measure the total pressure loss. Chapter 4

outlines the procedure followed in making the total pressure

loss measurements. Chapter 5 contains the discussion of the

total pressure loss measurement results. Chapter 6 is a

summary of the results and the work done on this thesis.

Chapter 7 lists the recommendations to expand the

investigation of wake passing effects.
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Turbine S2eeds

The premise of this thesis was to model the wake

passage of the upstream row of stator vanes into a rotor and

determine the effect on total pressure losses. Wake passing

was modeled by passing a row of 1.98 mm (0.07813 in)

diameter bars across the inlet to the row of blades. The

size of the bars was chosen to represent the trailing edge

of an upstream stator vane.

However, the frequency of wake passing modeled for this

thesis could not hope to approach the frequency of wakes

passing in a turbine. A turbine rotor rotates about 15000

RPM. If a turbine stator has 100 vanes a rotor blade

experiences 25000 wakes passing every second. The maximm

bar passing frequency achieved for this thesis was 320

bars/sec.

Therefore, the speeds and spacings of the bars were

chosen in an attempt to model the time scale of an actual

turbine. The time scale is the ratio of the time for a

particle of air to pass through the rotor passage to the

time for a new wake to enter the rotor passage.

C

S f C (2.1)
1 U
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In an actual turbine the time scale is on the order of

1.5. Unfortunately this time scale could not be reached and

the maximum time scale achieved was 0.95.

Pressure Loss to Lost Work Relation

The stator or nozzle in an axial flow turbomachine

produces no work. Therefore, there is no drop in total

temperature across the adiabatic stator. However, when

dealing with a row of blades a total pressure drop is

observed. This total pressure drop arises (2:65) from the

friction of the blades. Total pressure losses in

turbomachinery are important because they result in lost

potential work.

The work of a stage (stator and rotor) of a turbine is

the change in enthalpy across the stage. Since no work is

done in the stator there is no change in total temperature

across the stator. Ideally the amount of work from the

turbine stage then is:

Wt -h j-h3=Cp ( Tt- 't3) (2.2)

Exaggerated in Fig. 2.1, it can be seen that for an

isentropic expansion in the rotor, a total pressure loss in

the nozzle results in a work potential of:

W.-ht 2-h 3 -Cb (T-e-MTt7) (2 .3)
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Thus there is a net loss of work of:

Wt-ht3-ht3-Cp -Tt-) ((2.4)

Attempts to analytically determine the total pressure

loss do not deal with the issue of wake passage. Dixon

(2:82-87) divides the loss into three parts (i) profile

loss, (ii) secondary loss, and (iii) tip clearance loss.

This method accounts for friction, complex three dimensional

flows, and the gap at the tip of the rotor. He also states

there exist methods to predict the performance to within 2%

for on-design conditions.

Cohen et al. (1:290-292) discusses the losses in the

trailing edge due to the size, and the pitch/chord ratio.

Hill and Peterson (8:383) approach the issue of predicting

entropy generation due to trailing edge wake. None of these

approaches, however, deal with the influence of the trailing

edge on the next row of blades.

Characterization of the Tunnel

The performance of a cascade is characterized by the

total pressure loss. The total pressure loss is generally

given as:

C C;= pt . (2.5)
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for a particular point in the flow. Following the example

of Langston et al. (9:22) Cpt for this thesis was

normalized by the upstream dynamic pressure. Often this

same parameter is normalized by the downstream dynamic

pressure.

The total pressure loss is then usually averaged

(normally on a mass basis) giving the mass averaged total

pressure loss.

R- f f p U.C,,, c (2.6)
Sff pu. ddy

Total pressure loss coefficient and mass averaged total

pressure loss coefficient were the two figures of merit that

were quantified for this thesis.
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III Rier-imental Anparatus

Turbine Cascade Test Facility

The tests for this thesis were done on AFiT's linear

Turbine Cascade Test Facility (TCTF). The linear turbine

cascade is located in Building 19, at Wright-Patterson APB,

Area B. The tunnel has been used for a number of theses,

including Gallasi(1989), Acree(1990), and Neschwitz(1991).

The cascade is adaptable to may types of experiments and

extensive modifications were made for this thesis.

The tunnel (Fig. 3.1) has a bell mouthed inlet.

Because the inlet is open to the atmosphere, the air is

screened and filtered before entering the tunnel. The

cascade then contracts at a 7:1 area ratio where the air

flow enters a rectangular passage leading to the test

section. The inlet to the test section is 11.43 cm (4.5 in)

from the top to bottom and is 30.5 cm (12 in) wide. It is

constructed of clear 1.27 cm (0.5 in) thick Plexiglass. The

flow is guided by two internal clear Plexiglass sidewalls.

These sidewalls are adjustable in order to vary the inlet

angle. For this thesis the inlet side walls were fixed to

give a constant inlet angle of 45 degrees.

The test section is a 60.96 cm (24 in) diameter chamber

that can be rotated to vary the inlet angles. In the test

section are four blades mounted on a removable platform.
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This is to allow easy access for any blade modifications.

On the bottom of this platform, static pressure ports are

tapped at the leading and trailing edge of the second blade.

The test section is covered by a removable clear Plexiglass

top. The exit flow is channeled down two more internal

clear Plexiglass side walls into a draw-down fan.

The fan is a 20 hp 45.72 cm (18 in) diameter

centrifugal blower. The speed can be varied by adjusting a

variable vane at the blower inlet. The fan is normally able

to provide an exit Reynolds number of 6.83 x 105 (90 mWs).

A Reynolds number of 4.55 x 105 (60 m/s) was the limit of

the fan for this thesis due to blockage of the wake passing

mechanism.

The test section has four blades, two of which are

shown in Fig. 3.2 a. The blades were modeled after those

used by Langston et al. (9:21). The span of the blades is

11.43 cm (4.5 in), they have a chord of 11.43 m (4.5 in), a

spacing (pitch) of 8.89 cm (3.5 in), and an aspect ratio

of 1.

The two end blades are constructed of aluminum. The

blades in the center are made of urethane foam. Blade #2

(Fig. 3.2 b) is instrumented with static pressure taps and

thermocouples. The static pressure taps and thermocouples

on the instrumented blade were not used for this thesis.
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Wake Passing Mechanism

Modifications to TCTF Extensive modifications were

made to the test section. A triangular piece of Plexiglass

was removed from the center of the circular test section

cover, directly above the blades. The edges of the

triangular piece were milled down and it was placed

(Fig. 3.3) back in its own hole. Held in place by three

brackets, this left a triangular slot in the top of the

cascade. The slot created a perimeter around the blades for

bar passage.

Five additional slots were cut in the triangular top

to allow access to the flow. The slots were cut

perpendicular to the x axis at 2.54 cm (1 in) intervals and

spanned the center two blades (Fig. 3.4 a). Pressure and

velocity measuring instruments were introduced through these

slots. This distributed the measurements for the

performance of the tunnel into five planes. Slots that were

not being used for measuring were sealed.

The inlet and exit side walls also had to be modified

to allow the bars to pass through them. Therefore, a

passage for the bars was cut (Fig. 3.4 b) into the two inlet

and one exit side walls, essentially cutting each side wall

into two pieces.

The belt in which the bars were mounted was a neoprene

rubber, double sided V-belt (Dayco, BB43), normally used for
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power transmission. 183 holes were drilled in the belt and

small 1.98 -m (0.07813 in) diameter bars made of drill rod

were force fit into the holes. Most of the bars were held

in place by friction although some bars were modified to

keep them from coming loose.

To increase the friction to hold the bars in the belt,

the end of a bar was knurled and a drop of solder placed on

it. When the solder solidified, but while it was still

quite hot, the soldered end of the bar was then reinserted

into the hole. Concerns about the ability of the belt to

take the extra stress, however, forced this method to be

used on a limited number of bars. Approximately one third

of the bars were treated in this manner.

The belt was mounted on three sheaves (pulleys), one at

each corner of the triangular piece of Plexiglass. The

pulleys were mounted to the Plexiglass with a screw flush

with the inside wall. One of the pulleys was a double

pulley. Attached to the double pulley was the driver belt.

The driver belt was a V-belt (Dayco, L524), also

normally used for power transmission. It was attached to a

Power Matched/RPM Reliance Electric DC Motor. The motor was

mounted to the frame of the linear turbine cascade. The

speed of the motor was adjustable and was controlled by a

Reliance Electric (DC1-70V) DC Electric Motor Controller.

The bars traversed in a continuous loop. First, they
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passed through a slot in an entrance sidewall. Then, they

translated parallel to the leading edge of the blades, where

they were held perpendicular to the flow by a guide (Fig.

3.5 a) on the bottom wall of the cascade. The direction of

the bars representing the relative motion of a row of stator

vanes. Next, the bars passed through another slot in a

sidewall. Finally, they looped back behind the blades

downstream, through the two exit sidewalls, to come around

for another pass. The path of the belt/bars can be seen in

Fig 3.5 b.

A secondary cover (not shown) was fashioned to reseal

the tunnel after the triangular slot was made. The purpose

of the second cover was to stop any transfer of air into the

tunnel through the triangular slot. This cover enclosed all

the pulleys and the whole belt path. The seal was not

complete, however, because holes had to remain in the

secondary cover to allow the driver belt to engage the

double pulley.

Limitations, The parameters of the data being measured

were influenced by the capability and limitation of the

equipment. The bars in the passage upstream of the blade

basically created a blockage which restricted the air flow

capability. The draw-down fan, then, could only provide a

Reynolds number of 4.55 X 105 compared to 6.83 X 105 without

the bars in the flow path.
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The bar speed was limited by the construction of the

belt, the motor, and safety concerns. A minimum setting on

the motor control prohibited low speeds. At high speeds,

vibration of the motor, physical contact with side walls or

bottom, and/or the centrifugal effect would cause the bars

to slip out of the belt. A bar slipping out of the belt was

potentially dangerous and needed to be monitored. A safety

issue arises if a bar were to be ingested into the fan.

Therefore, the bars were stopped after every test run to

make any needed adjustments.

Instrumentation

HP3852A All pressure and temperature data measurements

that were taken for this thesis were channeled through a

Hewlett Packard HP3852A Data Acquisition and Control Unit.

The HP3852A was equipped with three 24 Channel High-Speed

FET Multiplexers, a 8 Channel Relay module, a High-Speed

Voltmeter and an Integrating Voltmeter. The HP3852A

acquired all analog transducer signals and performed the

an&!nq to digital conversion. The HP3852A was remotely

programmed and controlled by a Zenith 386 PC via a National

Instruments General Purpose Interface Bus (GPIB).

Temerature Temperature measurements were taken with

J-type thermocouples. The thermocouples were attached to

the HP3852A directly. The HP3852A was already configured
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for these thermocouples so no calibration was necessary.

Theme J-type thermocouples were iron/constantan and suited

for the temperature ranges used.

Pressure An important tool used for this thesis was a

36 port Scanivalve. The Scanivalve was used to take all the

pressure measurements. The Scanivalve was equipped with a

pressure transducer and referenced to atmosphere. The

Scanivalve pressure transducer received signal amplification

from an Endevco Model 109 Power Supply Conditioner unit. A

Scanivalve CTRL2P/S2 solenoid controller controlled the

stepping procedure to access different ports.

Total pressure measurements were made with a Kiel

probe, and a pitot-static probe. A Kiel (Fig. 3.6) probe is

less sensitive (Fig. 3.7) to the incoming angle of the flow

(6:249). It was used for total pressure measurements just

behind the bars where the angle of the flow was unknown. A

pitot-static tube was used to measure the total pressure at

points inside the passage between blades 2 and 3.

Velocity and Angle Two different methods for measuring

the velocity were available. A single hot wire placed in

the flow was one method. An IFA-100 Intelligent flow

analyzer was used to measure the voltage to determine the

velocity.

The second method for measuring the velocity, and the

method used for the data presented in this thesis, was with

3.7



the pitot-static tube. The tube was zeroed in yaw into the

flow by maximizing the total pressure. A protractor mounted

to the top of a brass holder (Fig. 3.8) allowed angle

measurement to within 1 2.5 degrees. The pitot static tube,

along with the total temperature measurement and angle of

the flow provided all the necessary information to determine

the velocity.

Either method for determining total pressure loss and

velocity would have worked. Different measuring methods and

instrumentation (7:32) do not greatly affect the integrated

values of velocities and loss. Problems with the fragility

of the hot wire and short supplies forced the decision to

use the pitot-static tube measurements exclusively.

Bar Passing Freauencv The frequency of wake passing

was measured with a ISSC-1262 Motion Detector. Attached to

the motion detector was a magnetic flux device. When the

lines of magnetic flux were broken by a conducting metal, a

current was induced. The metal used to trigger the motion

detector was a steel bolt threaded into the top of the

pulley on the driver motor (Fig. 3.9). The motion detector

amplified the signal and sent it to a Racal-Dana Nanosecond

Universal Counter. The counter was set to measure the

period between trigger signals. The period was then

converted to bar passing frequency.

The motor was steady and could maintain the period
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O.01 seconds for low speeds and control improved with

higher speeds. This translates to a frequency range of

approximately ±2 bars/sec.

Software

The software for this thesis was written in BASIC using

Microsoft QuickBasic 45. The purpose of the software was

mainly to control the HP3852A. However, the computer also

collected and stored all the data.

Several calibration, data reduction, and data

collection programs existed for other theses which used the

TCTF. The programs used to collect data for this thesis

were either modifications of those same programs or were

written using modules from those programs. A listing of

programs with flow charts is located in Appendix A.

The programs that were used to calibrate the pressure

measuring devices and the hot wire were PRESSCAL.BAS and

XWIRCAL.BAS respectively. These programs were written by

Gallasi (1989), with modifications by several other

students. No major modifications were needed to utilize

these same programs.

The programs that were used to control the HP3852A for

the pressure measurements were ISOBAR3.BAS and ISOBAR6.BAS.

ISOBAR3.BAS acquired total pressure measurements only.

ISOBAR6.BAS performed the same measurements as ISOBAR3.BAS
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with additional subroutines to acquire angle measurements.

ISOBAR6.BAS also had a continuous loop for the purpose of

pointing the pitot-static probe into the flow. The two

ISOBAR programs used were essentially two different versions

of the same program and were written exclusively for this

thesis. Since all measurements were made manually, both

programs used graphics to help the user find the point in

the tunnel where measurements were to be taken. ISOBAR6.BAS

could also acquire the angle of the flow via manual input by

the user. These were necessary measurements to determine to

total pressures loss as well as the mass averaged total

pressure loss.

VELAQ3.BAS acquired the velocity from the hot wire.

This program was also a modification of lSOBAR3.BAS. It

used the same graphic features to help the user locate the

point to be measured. The programs let the user acquire

angle and velocity at any point in the flow.

As a time saving step VELAQ3.BAS, ISOBAR3.BAS and

ISOBAR6.BAS did any data reduction internally. However, all

raw data was saved as a precautionary measure.

Table 3.1 shows the programs used to acquire data for

this thesis. The table also give a brief description of

what each program does.
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Table 3.1 Programs Used and Description

Programs Purpose and Description Output
Used

XWRECAL.BAS Calibrate hot wire Calibration
Curve

PRESSCAL.BAS Calibrate pressure Calibration
transducer Curve

VELAQ3.BAS Velocity measurements with Velocity and
hot wire Angle

ISOBAR3.BAS Total pressure measurements CPt

ISOBAR6.BAS Total and static pressure CAngle
measurements, velocity, and VIlocityUx

,angle
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IV. Procedures

Calibration

The main data taking devices were the pressure

transducer in the Scanivalve and J type thermocouples. The

pressure transducer required calibration. The calibration

of the pressure transducer as discussed by Meschwitz

(10:4.2) required applying a known pressure to the

transducer and recording the associated voltage. The

relationship between the pressure and voltage was linear. A

detailed calibration procedure can be found in Appendix B.

Instrumentation Warm Up Before a test was run the

instrumentation was warmed up. Meschwitz (10:4.6) states

that he allowed approximately two hours for the Scanivalve

to stabilize. The two hour wait for the Scanivalve was the

controlling factor on the start time for any measurements.

However, this time also allowed any other equipment to warm

up.

Tunnel Velocity The rough tunnel velocity was

determined by a pitot-static tube directly behind the bars.

The pitot-static tube was connected to a U-type manometer.

The height of the water in the U-type manometer could be

converted to velocity. In order to make a good
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determination of the tunnel velocity the bars had to be set

in motion. If the bars were not set in motion the pitot or

static port of the probe might sit in a wake of a bar,

giving erroneous results on the manometer.

Total Pressure and Velocity

Location The measurements for planes 1-4 were all made

in the passage between the second and third blades of the

cascade (Fig. 3.4 a). The placement of the probe was

limited by physical interference with the blades. A

traverse of a plane went from the pressure side of blade 3,

with the vertical stem of the probe in physical contact with

the blade, to suction side of blade 2. Towards the suction

side of blade 2 enough room was provided between the

vertical stem of the probe and the blade to allow the tip of

the pitot-static probe to rotate. This room was allowed so

probe could rotate to point into the direction of the flow.

A full span of plane 5 could be made because there was no

interference. The measurements of plane 5 started with the

probe at the trailing edge of blade 3 and went to just

beyond the trailing edge of blade 2.

Scope The original test plan included two Reynolds

numbers, four different bar passing frequencies, and a test

with no bars in the flow. Four additional tests were later

included. These additional tests were done to examine the

4.2
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influence of bar spacing on the losses. Table 4.1 is a list

of the tests conducted. The Reynolds number referred to in

Table 4.1 is the Reynolds number based on chord length and

exit velocity.

Table 4.1 Tests conducted in TCTF with bar passing mechanism

Bar Frequency Low Reynolds Medium Reynolds
(bars/sec)

No Bars 3.41 X 105 4.55 X 105

Bars Stopped - 6.35 um 3.41X 105 4.55 X 105
spacing

80 -6.35 mm spacing 3.41 X 105 4.55 X 105

160-6.35 - spacing 3.41X 105 4.55 X 105

320-6.35 m- spacing 3.41 X 105 4.55 X 105

Bars Stopped - 12.7 mm 4.55 X 105
spacing

80 -12.7 mn spacing 4.55 X 105

160-12.7 -m spacing 4.55 X 105

40 -88.9 -m spacing - 4.55 X 105

Pressura oss Measurements A typical test run

consisted of making total pressure and velocity measurements

for all five planes at a single Reynolds number and a single

bar passing frequency. The velocity and pressure
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measurements were taken at the same time with a pitot-static

probe.

With the tunnel running at the desired velocity, the

desired bar speed was set and a probe was introduced to the

flow through the slots in the top. A set screw on the

pitot-static tube allowed precise placement of the probe in

the mid-span of the cascade passage. All other slots not

being used for measurements were sealed. A movable seal

allowed the probe to be placed in different locations in

slot for the plane being measured. All measurements were

taken with y-O to be with the vertical stem of the probe in

physical contact with the pressure side of blade 3. Harks

scribed into the top cover of the cascade and an index on

the brass probe holder permitted precise y placement each

time that plane was measured.

Problems arose while trying to find the reference (ie

upstream total and dynamic pressure). The normal procedure

is to fix a probe far upstream of the cascade test section

and use the data from this probe for normalization. However,

at a far upstream location the bars had not yet influenced

the flow. Therefore, using far upstream condition was not a

fair representation on which to base the total pressure

loss. Also, since the bars were only located one half chord

upstream of the blades, the flow has already come under the

influence of the blades and has begun to turn and
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and accelerate. A dynamic pressure determined from a pitot

static tube in this location could be made to give a range

of dynamic pressure by changing the angle of the upstream

probe.

Therefore, as a reference state the upstream conditions

were characterized as follows: Total pressure measurements

were made with a Kiel probe just behind the bars (The Kiel

probe is less sensitive to variations in the incoming angle

of the flow). The upstream static pressure used for

normalization was a pneumatic average of several static

pressure measurements. Four static pressure ports (Fig.

4.1) on the bottom of the tunnel and the static pressure

from a pitot-static probe located in the center of the inlet

of the adjoining passage were averaged. This averaged value

was used for the dynamic pressure.

When the upstream measurements were made for the bars

stopped tests, a slightly different method was used to

determine the upstream condition. First, the steps were

followed to find the rough tunnel velocity. The height of

the manometer was then noted and the bars were stopped. AA

mentioned before, with the bare stopped the manometer might

give erroneous results, so the bars were turned by hand to

give the same manometer reading as with the bars in motion.

This procedure then gave the same reference point to all the

test cases whether the bars were moving or not.
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Fig. 4.2 shows three important details about the TCTF

and the wake producing mechanism. First it shows that the

total pressure inside the tunnel is less than the

atmospheric pressure. This is due to losses introduced by

screening and filtering necessary at the inlet to the TCTF.

Secondly, the data identified with the triangles shows

the difficulties in finding a reference point. The total

pressure reading varied with changes in the angle of the

probe. A higher total pressure was measured at 35 degrees

than at 45 degrees, the inlet condition. With the bars at

the low frequency, this pressure (measured just behind the

plane of the bars) was the maximum that could be achieved.

Which leads to the third detail.

The initial expectation was that passing the bars in

front of the blades would produce an average pressure

between that for the clean flow, when there was no bar

directly upstream, and when in a wake of an upstream bar.

What the plot shows, however, is that the pitot tube in this

location doesn't experience the average pressure drop. When

the bars were moved at small increments to different

positions upstream of the probe the wakes could be mapped

and they always show a higher or equal total pressure than

the measurements made with the bars in motion. This means

that with the pitot probe behind the plane of the bars, when

the bars are spaced at 6.35 - (0.25 in) and moving, the
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pressure drop is not an average but rather represents the

minimum total pressure after the bars.

The Scanivalve scanned the five static pressures and

the total pressure from the Kiel probe once each plane

before the in-plane total pressure measurements were taken.

The total pressure measurement inside the plane was made by

turning the pitot probe into the direction of the flow. The

software had a continuous loop instructing the Scanivalve to

continue scanning until a user input stopped it. The probe

was zeroed in yaw by monitoring the pressure measurements on

the computer monitor. When the pressure measurement

maximized, the angle was input into the computer, stopping

the scanning and recording the pressure and the angle. With

the probe still in that location the Scanivalve next scanned

the static pressure port on the probe.

Temerature Measurements The computer also acquired

the total upstream temperature once per plane before the in-

plane total pressure measurements were taken. A

thermocouple was placed upstream of the bars. To measure

total temperature the thermocouple was placed just inside

the top of the inlet and in the boundary layer. The

temperature measured was actually the recovery temperature

(where the recovery factor is the percent of kinetic energy

recovered) but was taken to be the total temperature.
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- •T =2(4.1) 2 CP

Since the velocities dealt with were small the differences

between total and recovery temperature was less than 1

degree.

Using isentropic relations and knowing the total and

static pressure at that point, static temperature was

calculated by the computer.

-C P I (4.2)
T P

The total temperature and the static temperature

determined from isentropic relations then went into

determining the velocity.

U = J2 (4.3)
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V. Results and Discussion

This chapter contain a discussion of the results of the

measurements made for this thesis. Discussed are the

effects due to changes in the three parameters: Reynolds

number, frequency of wake passing, and spacing. The chapter

also includes a discussion of the time scale and its

influence on the results.

Results of Measurements at Re - 3.41 X 105

Total Pressure Loss Coefficient Figures 5.1-5.10 are

the results of the tests at the lower Reynolds number,

Re - 3.41 X 105. Plotted on each figure are the results of

two test runs at each frequency. The Cpt plots (Fig. 5.1-

5.5) have three distinct sets of lines: A thick band of

lines in the center, one set that varies over the range of

the plot, and one line near zero. The band of data in the

center is the Cpt for the frequencies of 80, 160, and 320

bars/sec. The total pressure loss for the higher frequency

tends to stay to the top of the band while the lower

frequency stays near the bottom of the band. This would

mean an increase in the losses due to higher frequency.

This, however, is inconclusive because all the data was

within the margin for error, ±0.015 Cpt.
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The met of data for bars stopped varies over the range

of the plot. This indicates alternating regions of wakes

and clean air. Putting the pitot-static probe in the wake

of a bar shows high losses while the probe in clean air

shows low losses. In plane 1 the losses become negative.

This data is explainable.

For the upstream conditions a Kiel probe was used. The

face of the Kiel probe is larger than spacing of the bars so

it would always capture part of a wake when the bars were

stopped. The pitot probe is much smaller and can be put

between wakes. Since plane 1 is near the same plane as the

upstream reference point, Cpt can be negative if the pitot

probe is placed in clean air while the Kiel probe is not.

The bottom single line is the cascade tested with no

bars, showing that the bars being in the cascade do indeed

affect the results by increasing the total pressure loss.

In plane 5 (Fig. 1.5) the Cpt plots show a large

variation near the suction side of the blade. This is a

result of using the pitot-static probe to measure the total

pressure. Flow measurements were made by maximizing the

total pressure in the pitot tube. Near the suction side,

the flow separates from the blade. Thus there are two

maximum total pressures, one inside the separated region and

the one just outside the separated region.
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The traverse of plane 5 was slightly greater than 8.9

cm (3.5 in). This was to insure at least one complete pass

of the span of the blades

Veoiies The velocities (Figs. 5.6 - 5.10) followed

a consistent pattern. The velocities were lower at the

pressure side and increase closer to the suction side. The

three bar frequencies and bars stopped results were all in

the same band of data. Any differences that show up in the

mass averaging, then, are dependent on Cpt, not the

velocities. The data for the no bars condition is slightly

different than the frequency data. For example Fig. 5.7

shows a higher velocity in plane 2 for the no bars

condition. When the bars were removed from the test section

the characteristics of the tunnel changed and the flow

velocity was adjusted, but not to exactly the same velocity.

Anale Figs. 5.11-5.15 are the results of the flow

angle measurements. The 0 degree angle is the x-axis of the

cascade. Clockwise from that axis is positive (is flow

entering the test section at a 450) and counterclockwise is

a negative angle (ie flow leaving at a 550)

Result of Measurements at Re - 4.55 X 105

Total Pressure Loss Coefficient Figures 5.16-5.30 are

the results of the test at the higher Reynolds number. For

the three frequencies that were also tested at the lower
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Reynolds number, the results follow the same pattern. The

curve for the 320 bars/sec frequency tends to stay near the

top of this band while the curve for the 80 bars/sec

frequency stays near the bottom. Again, this is

inconclusive because all the data was within the margin for

error, 0 .015 Cpt.

The spacing of the bars turned out to be the important

parameter. For the same bar passing frequencies, losses

were effectively halved by doubling the spacing.

Consistently, by increasing the bar spacing by a factor of

approximately fourteen, the losses went down by the same

margin (Although in this latter case, the greatest bar

passing frequency that could be achieved was 40 bars/sec.)

Velocities The velocities (Figs. 5.21 - 5.25) followed

the same pattern as the velocities at the lower Reynolds

number. The velocities were lower at the pressure side and

increase closer to the suction side. Again, the results

show the velocities for all the cases in the same band of

data.

Angle Figs. 5.25-5.30 are the results of the flow

angle measurements. The 0 degree angle is the x-axis of the

cascade. Clockwise from that axis is positive (ie flow

entering the test section at a 450) and counterclockwise is

a negative angle (ie flow leaving at - 550)
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Mass Averaaed Total Pressure Loss

The results of the mass averaging (Figs. 5.31 and 5.32)

show the three frequencies (80, 160, 320 bars/sec) are on

the same line. This is true for both Reynolds numbers. In

fact, there is no difference between the Cpt for the three

frequencies at the two Reynolds numbers. This is expected

because the Reynolds numbers at which the tests were made

were greater than the critical Reynolds number of 2 X 105

(based on inlet velocity and blade chord). Above this the

critical Reynolds number Dixon (2:66) show that changes in

Reynolds number have no effect on pt.

In Figs 5.21 and 5.22 the line for bars stopped,

appears to be slightly lower. Statistically, for such a

wide variance not enough data was taken to calculate a

proper mean, so these points may not be an accurate

representation of Cpt. More data points taken per plane in

the TCTF would, statistically, make the results cleaner.

The mass averaging also shows the effect (Fig 5.22) of

spacing. The results are consistent. For one half the

bars, at the same bar passing frequency, the losses were

halved. With the bar spacing at 8.89 cm (3.5 in),

approximately fourteen time the original spacing, the losses

went down proportionally.
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Influence of Time Scale

The time scale was always less than, so one changes in

frequency could not be felt in the passage. That is, the

influence of the wake of any bar not directly in front of

the inlet to the blade row passage had left the passage

before a new wake had entered the passage. Thus regardless

of the frequency, for a time scale less than one, there was

always exactly one wake per upstream bar.

Since the wake of each bar represents a loss mechanism,

the mass averaged total pressure loss in the passage at any

given time was the same for any frequency. This includes

the bar stopped condition.

This shows that the bars stopped condition actually is

no different than bars passing for a time scale less than

one. Thus if one wants to model wake passing, for a time

scale less than one, all the moving mechanisms are not

needed. All that would be needed is a set of non-

translating bars placed in the flow. The complexities in

modeling the stator-rotor interactions have then been

simplified.
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A linear turbine cascade was used to determine the

effects of wake passage due to stator-rotor interaction.

The wakes were modeled by passing 1.98 - (0.078 in)

diameter bars upstream of the cascade blade row. Total

pressure loss coefficients, mass averaged total pressure

loss coefficients, and velocities were used to characterize

the effects of wake passage.

Cpt and Cpt were both based on upstream conditions.

Difficulties with this were addressed by using an upstream

total pressure and an average upstream static pressure.

This approach led to consistent results.

The losses, due to the introduction of the bars into

the passage, was greater than with no bars in the passage.

The effects of changing the frequency of bar travel,

however, were minimal. Certain trends could be observed but

they were within the margin for error, 1 0.015 Cpt* Also,

these trends get less pronounced, or become negligible, when

the results are mass averaged.

Changing the Reynolds number from 3.41 X 10 5 to

4.55 X 10 5 also had little effect on the mass averaged

total pressure losses. The two Reynolds numbers chosen to

be tested were above the critical Reynolds number, so this

result was not unexpected.
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The concept that proved to be important was the time

scale of wake passage. The time scale was always less than,

so one changes in frequency could not be felt in the

passage. That is, the influence of the wake of any bar not

directly in front of the inlet to the blade row passage had

left the passage before a new wake had entered the passage.

Thus, regardless of the frequency, for a time scale

less *tan one, there was always exactly one wake per

upstream bar. This leads to the result that the mass

averaged value of the pressure loss with the bars moving was

no different than the mass averaged value of the pressure

loss with the bars stopped.
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VII Re•o-endations

further Studies

Charts of performance of a turbine cascade are

sometimes plotted with total pressure loss vs angle of

incidence. The angle of incidence for this thesis was

fixed. Another study could be done with variation in

incidence using the TCTF.

Heat transfer effects using this wake passing mechanism

were studied, concurrently to this thesis, by Capt K. Scott

Allen. His research covered the same cases, so the effect

of bar spacing on heat transfer has been examined with this

set-up.

Wake Producina Mechanism

The wake producing mechanism worked better than was

expected. However, it could use some improvements. The

shop could manufacture a better second cover to seal the

cascade. The new cover could be made of Plexiglass for

viewing reasons. Also, it could be made to completely

enclose the motor. Thus the seal would be complete.

The bars could be held better in the belt by using the

soldering method described in Chapter 3 or some other

method. With the bars held more securely the frequency of

bar passing could be increased. With an increase in
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frequency a time scale that better represents engine

conditions might be reached.

An increase in time scale could also be achieved if the

Reynolds number is lowered. However, decreasing the

Reynolds number to change the time scale might have two

effects. First, it would increase the time scale, but

secondly if the Reynolds number is dropped below the

critical Reynolds number it may influence the

characteristics of the tunnel in ways not dependent on the

time scale.

Instrumentation

The Scanivalve has a limitation of only being able to

scan only one port at a time and can only advance when

changing ports. Pressure measuring systems are available

with more flexibility. (The measurement of time discrete

wake passing effects might be possible.)

A pitot tube which was bent into a 'C' could increase

the range of measurement into the back plane. According to

Moore (11:1) a large portion of the losses occur there.

This probe could also be used to base the total pressure

losses on the downstream conditions rather than the upstream

conditions.
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Fig. 1.1 a) Turbine blades

Fig. 1.1 b) Cascade blades
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Bar Path

Fig. 1.2 Wake producing system described by
Doorly (4:999)
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Fig. 3.4 a) Location of five
measurement planes

Fig. 3.4 b)Photograph showing
cuts in sidewalls
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ARR ndxa

Appendix A contains a listing of each of the programs

written for this thesis. Table A.1 is a list of the

programs written and a brief description of each program.

Table A.1 Programs Used and Description

Programs Purpose and Description Output
Used

XWRECAL.BAS Calibrate hot wire Calibration
Curve

PRESSCAL.BAS Calibrate pressure Calibration
transducer Curve

VELAQ3.BAS Velocity measurements with Velocity and
hot wire Angle

ISOBAR3.BAS Total pressure measurements Cot

ISOBAR6.BAS Total and static pressure C _Angle,
measurements, velocity, and Vilocity, Ux

,angle

XWIRECAL. BAS

* Tn pom wan rnwum by LA J3 B.vidur
SammwiMa The proa quam. vobp memunm
from WA-1U00 h nlagM Flow Awnly . Tne
dia i uued to aeaui a ibriaW cuvo for a sin&

* hotwire

Set up dw HP3I82A DigS AquMion Unit

CLS
CALL HBFDHP3852", dvm%) Find the HP3•82A adbrm

**....*eleeee...ee...e~eee..eeeeeeeeeeeeee..eeee.e*e*eee~e**.e... ee' lmu XW ECLAT to feci calbaf daft

caufile - "©:•ijc1xw•ad

OPEN oite FOR OUTPUT AS #1

.geeeeeeee~eegeeeg~eeege*eteesgggee eA.1*eee*S0ee
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LA I Ld soquu d"

DO
"LRINT -iop how of watl"
INPUT b
PRINT Ofmdhg voitafor b igk of % -, u..~..
CALL IBWRT(dvmi* -REAL WJL.HAVl.AV2.S-)
CALL IB3WRT(dvnft -USE 4W0)
CALL ID3WRT(dvmft 'SCANMODE OMr)
CALL IDWRT(dv.%, "TERM R3390W')
CALL 3WRT(dvrnA% 'CONF DCV')
CALL IBWRT~dv.% 'MEAN DCV 321 INTO W')
CALL WSWRT(dwuat -VREAD W')
rdS - SPACES(16)
CALL RD~dvmu* OMN
El - VAI4idS)
CALL IB~WIT(dvnafh 'UT Cur")

vol - 66.2 0 SQR(k) / 3.28
"aw - vel ^.43
nt - El + I

PRINT "velocity '; vl
PRINT *El *; El; I Fl';fn

.1 -n A2

PRINT Owrilia to files_.."
PRINT 01, awl. El. vAl nt. s1
PRINT 'p~m my key to coadmes
M. LOOP WHILE INKEYS -"'

CALL IBWRT(dmu%~ 'UT; CLR")

LOOP UNTIL INKEYS <>
CLOSE #1
END
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VZL&Q3 .DBM

* T~s ponu Wu wrow by LA ames Bonmedetidinr
* SummoiFaUl IM9. Mw Vs p -spires vksp .iunmummo

ft Su b IFA-100 Isliguia Flow Amelyzer via be RP3283A
* DATA Aqe~anh iok iMa. s daa is usedto dolumbes veobcity

in a plansof lbHsse Ihutobins cads.

CIA
SCREEN 0
LOCATE 5,34
PRINT "CHECKLIST"
LO)CATE 9. 13
PRINT 01it Check Scuuivalve POWER swildms [it"
LOCATE 11, 13
PRINT -1t1 Chsck10.0OVsuapply volka III-
LOCATE 13,11
PRINT 0i11 RESET Scmaivaiv chbmel to ZERO 1110
LOCATE 15, 18
PRINT "III X-wir. in flow BEFORE chi, c62 an RUN 111'
LOCATE 22.3&
PRINT 'Press may key to coctimas

DM LOOP WHILE INKEYS -

* Set uip HP3852A to agasin, TwW omelt

CALL IBF D(HP3&352, dv.%) Tieod be HP3852A addres
CALL IBWRT(dv^% 'USE 600*,RST 600,REAL Troc.. TlosessAZERO ONCE')

* Roedb6Meoamteopasratwse

CALL IBWRT(dYIDt 'CONFMEAS TEMPJ, 019, INTO Titian')
CALL IBWRT(dvna% 'DISP Tfom')
CALL IBWRT(dvm%~ 'VREAD Titian')
Md - SPACES(16)

CALL brd~dv^~ idS)
Troma - VAL(pdS l'cmwut be mrnog value imo a number

**Rued be tauus lemlporuhf

CALL IDWRT(dvot -CONFMEAB TEMPJ, 020, INTO Timasi')
CALL IDWRT(dvmft 'DISP TnmaeP)
CALL MIWrT(dvut 'VREAD ibm...!'
rdS - SPACES(16)
CALL bkddv.%t adS
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Timml - VAL(IfiS) 'ooavat the "r vabu iWo a Emier

* 5 up HPM82A io m i.Parmm

DIM CAL(30) AS SINGLE

CALL IDWRT(dvua* -RST')
CALL IBWRT(dva%* 'RST 600')
CALL IDWRTr(dvmi 'REAL C(SO), LAW*.S)
CALL IDWRT(4vm%. 'USE 600; NPLC 16') lComfire the HP44701 for

15.5 dsWb of aowway.
CALL IBWRT(dv"iik 'SUB VOLTAGE') C,,mw the muimunmuh wousduim
CALL IBWRT(dva%, 'AZERO Ot4CE.USE 600')
CALL IBWRT(dvm.%* 'CON? DCV; NUDOS 50')
CALL IBWRT(d"^% 'IdEAS DCV, 22 1, USE 600, INTO C')
CALL IBWRT(dvmn% 'STAT LAHMASC')
CALL IBWRT(dvmi%, 'DISP M-)
CALL IBWRT(dvm96. 'VREAD M-')
CALL IBWRT(dvn%. 'SUBEND')

&MVu the Dm.UIMg &eVism the6 Umel

CLS
GaOTO 5
LOCATE 2, 15
PRINT 'SETUP OF SCANIVALVE PORTS'
LOCATE 4, 5
PRINT 'I) Coumue poet ZERO of the acmuvaive to 6o TOTAL prmaue'
LOCATE 5,.5
PRINT'0 port of the upube pkot-utatia tue'
L.OCATE 7,53
PRINT'* Pno. my key to coathues'
DO: LOOP WHILE INKEYS-
LO)CATE 9, 5
PRINT '2) Coomue port ONE of the ucoaivulve to the STATIC pn.we
LOCATE 10.,5
PRINT'- pod of the uputam pkot-utii tbe'
LO0CATE 12, 5
PRINT'* Pr.. my key to cautimmae
DO- LOOP WHILE INKEYS -"*

50 CALL 1BWRT(dvi%~ 'CL.OSE 101') 'z1ro
CALL HIWRT(dvmn%* 'OPEN 101;COI4P DCV') gcmivalve

* Nenmime whet pbme =u to he memAwed

10 CLi
LO)CATE 2, 15
PRINT 'DETERMINE WHAT PLANES ARE TO BE MEASURED'
LOCATE 5.53
PRINT 'How mesy pkim. do you wab to omama., I or 67'
LOCATE 6, 5
PRINT '(sorry, thou we your onl choics)
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LOCATE A,
INPtra -qw I or r; Owemave
IF Oaul > 6 OR Omhinal < I THEN

CLA
11 LOCATE 5. 5

PRINT -iy. Wone yeo Nbb8 I OR 6 not ; 0worna, •
LOCATE 7. 5
PRINT Ohm my key to adm.
DM LOO WILE INKEYS -
GOTO 10
Ymh - Ow"Od": ymx - o

EJESIF (Oeudkv -I THEN
LOCATE 10, 5
INKITF "Wqb pkme do yoe wmt to mum, ";wcbpaml
IF uhebplu <10 !RuIms >6 THEN

GOTrO 1

ELSE
ymi - whhlqea.: ymx - ubdvbm

END IF
ELSI COmolve - 6 THEN

ymh - 1: yax - 5
END IF

LOCATE 18, 5
INPUr 4fb me n; meS

,e*Oe...eeOeeOee...eOeOeOeOeee*eeOee..ee...e...eeeeeOeOe..ee.......

* Set ,miim to plim mode md d*w blade

pi - 3.14159
CLS
SCREEN 9
LOCATE 2, 1
PRINT "PoekionLuke in Ioniiati iadimed by 0

XDRA - 50: YDRA - 100
CIRCLE (XDRA, YDRA + 50), 50,, pi 180 * 330, pi I 130 * 50
LINE (XDRA + 31. YDRA + 21).(XDRA . 40, YDRA- 15)
LINE -(XDRA + 70, YDRA + 15)
CIRCLE (XDRA + 30, YDRA + M0) 70,, pi / 180 0 330, pa / 180 * 60, .6
CIRCLE (XDA + 65, YDRA + 70), 25,, pi /1 S0 * 10, pa / 10 360, .6
XDRA - XDRA + 150
CIRCLE (XDIAR YDRA + 0), 50. pi/ 180 * 330, pil 180 * 50
LINE (XDRA + 31, YDRA + 21)(XXIRA. 40, YDRA - 15)
LINE -(XDRA + 70, YDRA + 15)
CIRCLE (XDRA + 30, YThA + 50), 70,, pi /180 * 330, pi /180 * 60, .6
CIRCLE (XDRA + 65, YDRA + 70), 25,, pi /180 * 10, pi /130"* 360, .6

S Draw plimm md do pawai

LOCATE 4, 0
PRINT -TOP (Z-4.S NCHs)
LOCATE 5, 45

LOCATE 7,
PRINT "View fiom"
LOCATE , 66
PRINT mdownmWem"
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LOCATE 9. 66
PuRIN Oam
LOCATE 10,6"
nn~r'N-G
LOCATE 17.45

LOCATE 18,.47
PRINT Do'FJo3 (z-o RicHEs

XIZA2 - XDIA - 75
PLANEl - YDRA + 8-b - PLANEl
PLANE2 - -h
PUTr (XDRA2. pims)
UKN -<XDRA2 + 130, PLANE -31,2, BF

Von - ofmarf me"
OPEN ,.IS FOR INPUTr AS 02

INOW #2..w4 b
CLOSE 02

OPENC FOR INPUT AS #3
INPUT 03, wMI, WBI

CLOS6E #3

*LAWp for Wtak dds M at em pomido

FOR YPOS - ymim TO ymox

dih - 'o-Wmdiq
YPOSS -STRS(YPOS)

fiuMme = Wp + LTRDMS(YPOSS) + amm
OPEN dirS + *hmnmS + *ii' FOR OUTPUT AS #1

Dr* aw mamamam. p~Mm an bb"

XDRA3 - XDRA2
IW YPOS - 2 THEN

PLANE2 - p1.. - 30
ELSEIF YPOS - 3 TME

PLANE2 - pine -.60
ELSEI? YPOS - 4 THEN

FLANE2 - p1 ... -90
XDRA3 - XDRA2 - 75

ELSE! YPOS -53 THEN
PLANE2 - pkmm- 120
XDRA3 -XDRA2 - 150
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FLANE2 - pb 3 20
XDEA3 -XDBA2 - 150

MET OMAX MLANE2)
LDIE .(XDRA3 + 130. PLANE2 - 3),2, BF

Ddomins, dsesi hmud~ for sub pkM

amo-3:mom-7
Zed -2.75: Xoa-i -0 isbom of oucals

EF YPOI - I THEN

El81 YPOB 2 THEN
Mae - .358

11.51! YPOB - 3 THEN
Mom - .37

ELSEW YPOS - 4 TIMN
Xhca - .38

11.83! YFOB -53 THIN
Xim - .655

11.81! YPOB - 6 THEN
Moo - ASS5

END W'

Reed UPSTREAM uMh cud iii pr. comos per plow

CALL WWRTb.vm 'S1
CALL IBWRT~dv.m9 wMU 600")
CALL 3WRT~dvm%b *REAL C(50), LIW.3")
CALL 1BWRT(d"^% -USE 600; NLC 16-) Tioft. dens HP44701 for

5.5J disims of eaccuacy.
CALL IBWRT(dvwk "BUB VOLTAGE') TCags the mmuing u.Im
CALL 1DWRT(dvwft -AZERO ONCIUhE 600")
CALL MWRTMdvmP* -OON? DCV; NUDGE 50"
CALL IDWRT(dv.%* "hEMl DCV, 221, USE 600, DITO C")
CALL 1BWRT(dw^% *STAT LHM,3,Cw)
CALL IBWRT(dvaufb "E? Ma")
CALL 3WRT~dm OVREAD M")
CALL MWRT~~n "SUDIND)

CALL IDWT(dvmm^ "CALL VOLTAGE") %ree woleau
,dS - SPACE(16) 'pie... boam
CALL &*dmd% ri) vaut mare
vil - VAL14dS
FMIIl - vti

CALL IDWRLT(dvoft%,"LOE 1WV) udvrusse moved
CALL 3WR1Tdv.% "091 I00;0ff DCV-) -am poot

CALL 3WRT(dvt%~ "CALL VOLTAGE") WO eed ic u
tnS - SACES(16) womumv, ftm
CALL bd*dvm%~ PMi Vpu am
vii - VAL1rdi
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P, -, - vt!

CALL IBWRTdvnft 'CLOE 1000) 'du i
CALL 5SWRT(dv.^ '(WIN 100;aP DCV') lame poet

Dowmin UPSTREAM wiway mad pin to auma

LOCATE 21.40
PWUt ( W +e! +b) + 1013
Pdol P - IaPs + b) + 101.3
TolIa - (Taimi + 273.13) / ((PWt / Poo!) A(.4 /1.4))
VF T~oo <- (Flun + 273.13) THENW

m.,pu-l - SWR( 0 1.4 /A * 257 * (CIW~d + 273.15) - TiddI))
ELSE

vuhpI - -3999
EMD IF
PRINT 'Upwna vowfty b '; whop.;' al

LOAW FOR PLANE: Uwk po.Mm. m po

FOR ZPWS - I TO zoo
FlOR XPOS - I TOm

LOCATE 20, 1
PRINT 'Z-X Of =Amutinmwum '

PRINT 'ZPOS - ';0Zai 'ha XFOS - 'Xmt in'
LOCATE ZPOS + 5, (XPOS * 2) + 44
PRINT '0'

LOCATE 17, 1
PRINT 'Amh of flow dt Poo*=a 0'
IDPW 'Ange is: '.amgls

LOCATE ZP(M + 5, (XPOS 02) + 44
PRINT 'X'
LOCATE It,19
PRINT'

*Take agi mmd voluag dds

CALL IDWRT(dvn% 'REAL WJJRAV1,AV2,B')
CALL 5WRT(dv%~ 'USR 400')
CALL 3SWRT(4VE5% 'SCAW)OE ON*')
CALL IBWRdft "TERM RMBDO')
CALL IBW W7d" ~w0 DCV')
CALL IDWRT(d.%, 'WMEA DCV 321 INT W') 're iuphi psa
CALL IBWILT~dva^ 'OREAD W')
rdS - SPACES(16)
CALL &*d~avm dS)
El - VALIdS)
CALL IDWRT(d4m% 'UT; CIA')
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f* d- SPACus(16)
* CALL WIDWRT(m%~ *REAL WJJLAV1.AV23)
* CALL IDWRT(dvw% "E3 400n
* CALL 3WRT(dvui% 0CANUODE ON*)
* CALL 3WK1dvait wrIM RUMON")
* CALL WWRTdn OCON DC~u
* CALL IBWRT(d.%. *MEAB DCV 323 MNW W*) red a hl pm.

CAL CMIWRT(dvW% OVREAD WO)
* CALL &Advn% FdS)

2 1- VAL(dS)
* CALL IBWRT(d"W%. 'RET CLI')

* hdaw vm vwor.whed

elk to 'Cbui *p = VA to ioh

'elt -E I gm sfim W n m

121 -32t/ pho + am"

UKI -((El.- WDI) I WUI) A

VJ32 ((E2. -W11) / WM2f) A 2.2
YRDIT UZI1, 332

ox- UEI 0 COJS(3.1415 I 130 * ABU(9 -ansi.))
PRINT #I, Xac. mz UZ11. me*i. 11. vwhinb.
LOCATE1 22. 40
PRINT 'Veokoky at b paiie * 'URI
LOCAT'E 23.40
PRINT'oux atb ipoiet ", a

Xa.4 - Xa.4 + Xi.. Idd..sn =a X umha
NEXT XPOS

Xa.4 - 0

NEXT ZPOB

FOR ZPOS - ITO 11
FOR XPOU - I TO 20

LOCATE ZPOS + 3, XPOS + 44
PRINT'a

NEXT X(PW
NEXT ZPOS

PRINT #I, Tumau 'FToolw tmpad Velocity
PRINT #1, wdoqwm
PRINTF #I, PloiIl
PRINT #1, P Iet

CLOSE #l

CALL DWRT(dvnft 'CLOSE 101') 'wo

CALL IDWRT(dv.%* -OFE?4 101VCNF DCV') hosaýv
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M&Th hfwn war v Ur by Ll Jin ýd

ft am Scomivaly. via kw HP3283A Dda Aqubilwit MwTh

SCREEN 0
LOCATE S. 34
PRINT" HECuIr
LOCATE 9, 13
PRINT '11l (Caek Uemivalv POWER aw 110 I
LOCATE 11. It
PRINT -111 amik 10.00 V aqpuly vowiu. HI"
LOCATE 13.,1t
PRINT *Iii RESET sonYiva W hd iozBZO ii
LOCATE 22,31
PRINT rh .my key to comaknes

DO: LOOP WHILE INKEYS--

8dle up H1382A lo moma Tan mp

CALL iDF1D("HP3352 d"1m%) IW do HPM2A aikmn
CALL IBWRT(dm^ nJ~"SE 600,ST GOOREAL Tfoo, Taul*AZSRO ONCE"

A. 10



*Road dw loom raUtw

CALL 3WlTMdwmit 'RCitIFAS TIPMF 019, WNO Trems")
CALL IMWVR&W% -DIS Trm'-)
CALL IDWRT~dvWk `VREAD Uncoil)
iii - UPACES16)
CALL Iu~d~v%h idS)
Troams - VAL~rdS 'rawes Ow owingome i a somber

*Reed d6 U"d Mapealov

CALL IBWRTdw^~ 'WI4MEAS TUMPJ, OA0 IDT lmmeMd
CALL IBWRTdvaft 'DIP TImmhI'
CALL 3WRd~m -VRAD Tbome
tdS - SPACWS16)
CALL Mrd~o% fd$)
th~mmd - VAL(rdS) crammSte owin volve wb. a ummber

* Sat up HP352A io m. Freumsv

DDM CAL(30) AS SIN0LE

CALL 3WRT~~o 'DR)
CALL 5WRT~dme* -RS? GO0-)
CALL IDWRT(dy.1% 'REAL C(50). L.H.M.S'
CALL MWRT(damt 'USE 600; NPLC 16') lCoamfigm *. HP44701
CALL IBWRT(dv^% 'SUB VOLTAGE-) Nxede an minmuta solmiuh
CALL IBWRT(dv.%. 'AZEROD ONCUSE 600')
CALL IBWfRTdv%~ 'CONF DCV; NRDOS 30V)
CALL IDWRT(dvm%. 'MEAl DMV 221, USE 600, INTO C')
CALL IBWRT(dnf*% 'STAT LH.3C')
CALL IDWRT(d.%. 'DII? M-)
CALL 3WfRTdwm% 'VREAD M')
CALL IBWRT(dvm%~ 'SUDENDR)

**Reem scomahve fa Pont zoer

CALL IBWRT(dvm%. -CLOSE 101') Zero nmivaiw
CALL IDWRT(dvaft -OP'EN 101,:COF DCV')

D* nb 0& uwb phoune e obemsmovd

CLI
LOCATE 2. 15
PRINT 'DEERMINE WHAT PLANES ARE TO ME MEASURED'
LOCA'TE 5, 5
PRDIT '16r many Pines do youam So 1 ais I or 67'
LOCATE E15
PRINT'(samy. *aa, mar yaw a* choime) "; u@4
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LOCATE 8. 5
INPUTF *Emd. I wr' 61. Oolw
IF h umfiv. >60R OR -ef < HIN

cLs
LOCATE 5.5

PRINT -MEY. Wm ym hing 1 OR 4 m ';(Onoaflv'
LOCATE 7. 5
PRINT 'r uim nkey b sootko
DO. LOOA WHILE INlEYS -
GOTO 10
yo.m - omfiw: Y.z - cngSw

ELSEN Ommodh - 1 THEN
LOCATE 10. 5
INPUTr "WhiMt phm. do you wl t momr ;ubplm
IF wbobdap < I OR whiph. > 6 THEN

ELSE
3mod - "hdpbm.:Y 1641,-

ENDJE

ELSEIF Ooodkve - 6 THEN
ymin - 1: Y3u- 6

ENDIF
LOCATE K4, 3
INPUT "fluo nmn ";o.S

*go umm so 9p~ mods md ikw bbds.

pi - 3.14159
Ci'
SCREEN 9

XDIA - 50: YDRA - 100
CIRCLE (XDRA, YDRA +50), 50., pi / 10 330, pi 110 50
LINE (XDRA + 31. YDRA + 21).(XDRA .40, YDRA - 15)
IN4E .(XDRA + 70, YDRA + 15)

CIRCLE (XDRA + 30. YDIA + 50). 70.. pi / 130 * 330. pi 1 60 0 .6
CIRCLE (XDRA + 65, YDRA + 70), 2•.. p / 1380 10, pi 1380 360,.6
XDRA - XDRA + 150
CIRCLE (XDRA. YDIA + 50), 50., pi 1 130 0 330, pi 110 50
LINE CDRA + 31, YDRA + 21).XDRA- 40, YDRA - 15)
LINE .(XDRA + 70, YDRA + 15)
CIRCLE (XDRA + 30. YDRA + 50), 70.. pi / 130 0 330. pi 10 s 60. .6
CIRCLE (XDRA + 65. YDRA + 70), 2.,. pi / 10 130. pi 1 3 0 0 360, .6

'•Dnm, plkm ,ml dww, poubi

LOCATE 4. 45
PRINT "TOP (Z-4.5 INCHES)"
LOCATE 5,45

LOCATE 5. 66
PRINT 'View Dome
LOCATE 6, 66

LOCATE 7, 66
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LOCATE 8.6
prr -qwu
LOCATE 7. 45

LOCATE & 43
pawN -xn~orr (Z-0 DICHUY'

XDWA- XDIA - 75
MLANZI -YDRA + 8
pbs - PLANEI
?LAM3 - pkmm
peIT (XDSA2, p~)

d aope mdy 7 11 hI pmum...vobw mw

OPEN ve FOR INUT AS 02
INPUT OX m, b

CLOSE 02

eLAW for ukn dm at "A poiuidm

FOR YPOS - ywmk TO ymn

dirl - c~dpms.
Y'poss - STRWMPO)
flormoS - Wp1+ L7TRIMS(YPOBS) + cms
OPEN dirl + thinS + "Aar FOR OUTPUT AS 01

' Dmw .s m pims an bud.

XDRA3 - XDRA2
IF YPOS - 2 THIN

PLANE2 - plmm- 30
ELSEIF YPOB - 3 THEN

PLANE2 - plome .60
ELSEIF YOS - 4 TIEM

PLNE - phm= .90
XDRA3 - XDRA2 -75

ELSEIF YPOS -53 THEN
PLANE2 - pkmm - 120
XDRA3-XDRA2 - 130

EIJEIF YPC3 -6 THEN
PLANE2-'plow- 120
XDRA3 -XDRA2 - 150

END IF

NSET (XDRA3. PLANE2)
LINE O(DRA3 + 130, PLANE2 - 3). 2. BF

*D~imnmta b. .onw*md tormm for SKx -ir
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Zedl - 2.M: Xmal -0 Z-6 is boom *too@&

Xw. - .56
ELSEIF 'IOl - 2 THEN

Xha -. 41
ELSEIF 'VIOl - 3 THEN

Xi.. - .36
ELSEIF YPOS - 4 TIIEN

Km. - .38
ELSEWF YPOS -53 THEN

Xim. - .65
ELSEEF YPOS - 6 THEN

Xfr x- .65
END IF

Rod UPSTREAM loml mad plum.p

CALL IBWRT(dvnfht 'CLO)SE 100') lavmin mawm
CALL IBWRT(dvot -OPEN 10ftCONF DCV') 'ams poat

CALL IBWRT(dvm%. 'CLOSBE 100') 'adv.. mcmli
CALL 1BWRT(dmu%~ 'WEN 100;CONF DCV') lown pot

DO
CALL IBWRT(dvw?* 'CALL VOLTAGE') 'mmd WWm g
rdS - SPACES(16) 'pram fim
CALL &Wddvmt WdS) 'put M
Vt! - VAL~vdl)
P104.11 - vi!
LOCATE 1.3
PRINT USING 'Mazimke Updmum Pt NJ;(Piotel + b) + 101.3

LOOP WHILE INKEYS - "

CALL WIBWTdvm% *CLOSE 300') 'adam. mamai
CALL IBWRT(dvmib 'OPEN 100.CONF DCV') 'ass put

*Meaurm mlii Prim pubi

LOCATE 1, I
FORpoet -3 TO 9 7 pons

CALL IBWRTdvm%. 'CALL VOLTAGE*) WW md mii qaum
rdS - SPACES(16) puma. from
CMAL ilWdv^% WiS) 'put
Wt - VAILrdS
PiaV$mqpt) - Vt!
PRINT ampimavdu);
CALL lBWRT~dsu% 'CLOSE 00') ladvms mmnow
CALL IBWRT(d,.%*, 'OPEN IOO1CONF DCV') 'ams pot

NEXT pud
CALL IBWRT(dv.%~ 'CALL VOLTAGE') WWmmduiiuums
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in - PACES( 16) *=me ome
CALL. bndvint a4M Vu am
vtf - VAL(IdS
pliaI2 - vti
LAOCATE 1, 30
PRINT USINO *PkUis WOWN.; (QfetmI 0 a + b) + 1013)

CALL 1DWRT(d~o%~ 'CLOSE 101-) 'jm..ý urn
CALL DWRT(dvmt 'OPEN I0I1;CONF DCV') 'an$ Pat

Dis..is UPSTREAM iskoily sd -d lb aa

LO)CATE 2. 40
FOR Pont 3 TO09
Fiatk - ?utlhs + Phlcavamot)
NEXT part
Futfija Pdius - PdcM9g6)

PRN Pdics/

LOCATE 2, 1
Fast - (m 0 Ploe! + b) + 101.3
Pobt - (a 0Pdaius + b)+ 101.3
rauici - (WMa.. + 273.15) / ((Plot I oFi) A (A411.4))
IF Tiutist <- (Mamml + 273.15)11THEN

vekpmt SQR(2 * IA41/A * 237 * ((*mod + 273.15) - TiuiuI))
ELSE

vebwUUI -.9"99
END IF
PRINT WSINO 'Fesal W#U.M Picvg #19.##- Pbce Poe.
LOCATE 16. 1
PRINT USING 'Upires. velocity: N.### nile; velopism

*LOOP FOR PLANE: Mark poIton a plasm

FOR ZPOS -1I TO zý

FOR XPOS -1I TO mm
LOCATE 22, 1
'PRINT 'Z.X of =a smwouuumu
'PRINT 'ZPOS - '; Zue 'in XPOU - 'Xace 'in
LOCATE ZPOB + S. (XPOS 0 2) + 44
PRINT PO

LINE (340, 315X.620. 315)
LIN4E (340. 200X34", 315)
oak-2

1ue - 350
23 D~O "I Wmre + 6

WF sprm >400 THEN
qais. - 350- cos - oa* + 3
END IF
CALL IBWRT(dwot 'CALL VOLTAGE-) WWd Mota i-lom
rdS - SPACES(16) 'PV s. from
CALL bndvdomt rdS) pam two
vt! - VAL~nlS)
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Pmz -=
LOCATE 13,45
Pmzi - (ac * Pmx + b) + 1013
PRINT WINO Mauinb. PwWm U#SNU; Pnsz
yponi - 250 + INTAB((Pmxi - 101.3) 0 30))
CIRCLE (weWi ypu)6 2, 00

LOOP WHILE INKEYS -

LOCATE 15.,45

IF ON& - 0 THEN
00TO 23

END IF
LINE (341. 314>(619, 219), 0. BF

CALL IDWRT(d.%~ -CALL VOLTAGE-) WWa WWda =-0m
rdS - SPACES(16) *aUwn ami~

CALL bird~v%~ idS) vat two
vti - VAL(vdS)
?ipms - TVi
LOCATE 13.45
FPbh.- (m 0Phpl~a+ b) + 101.3

LO)CATE ZOS + S. (XPOI * 2) + 44
PRINT LTRIAMS(TRS(XFOS))
LOCATE 15. 64
PRINT 0

*Take inpluavokW dgsd

CALL 1DWRT(dv.%t OC1.OBE 1OV) 'advinus oat
CALL IBWRT(dn%b WPEN 100.CONF DCV") lowe poit

CALL MWRT(dva%~ -CALL VOLTAGE-) 'tW duof
idS - SPACES(16) 'puma Dom
CALL gm~dwdv% WdS) 'pea two
vtl VAL4rd$)
Fuwhplm - vti

*Cdull"h CP1 wvoloy / adpow

Pt - (m 0 qlm + b) + 101.3
Ps - (in * Pskus+ b) + 101.3
To - (tamol + 273.13) / ((Pt / PS) A (.4/1.4))
IF Ts <- (*mmd + 273.15) THEN

vWhpt - SQR(2 0 IA .4A * 257 4 ((nUwel + 273.15).- Ts))
ELSE

wiudpt - .9999
END IF

Ux - vohdpt 0 COS(3.I413 / 110 * ABU(9 - mingl))
Cptu - ((Plabdi - P~ilnuul) / (Pdlol - Paduiil))
rho Pt /2971/ Ts

maevI'l --mmmev"p + sab4 s *U Cp,
Iua~a moavsuz + doc * UK
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LOCATE 1t I
PRINT USING OLag Vuisky urn: #MUN'. vWI~
PRINT USING "Lag Ux urn: SUNO. lix
PRINT USING 'LAt Cpt urn: 0 SM '. CPU
PRINT USING *LAW dirnay was ##AMP; iho
PRINT 91. XMO. CPU. U36, AMML. Piqlm, PWhplm. PesaL, Fuji.6 mh
LOCATE 23, 1
PaRIN 'Pum my key for rnm aru o
LOCATE ZPOS +5,. (XPOS * 2) + 44
PRINT 'X'

X - Xmd + Xbw 'ddaimnus mu X macmi

CALL IDWRT(dv^% 'CLOSBE 101') *Adyinsmemi

CALL IBWRT(dvt%~ 'OPEN I0O1;CONF DCV') lown pwt

NEXTf XPWS

-ja filo mad nami mum p dix

Lot - 0
ZeAd- Zedt- .3 'damimml6omma zZ aium

W - mmumavpp / nmwuvmav
numasmaK -0
almsevpa -0

whbplm.S - STPS(uhckplm)
Ihame - Wma + codS
OPEN dirS + fhameS + 'Adir FOR APPEND AS 02
PRINT #2, whdqpilmu, W

CLOSE 02

NEXT ZPOS

FOR ZPOS -1I TO zmx
FOR XPOS -1I TO 7

LOCATE ZPOS + S, (XPOS *2) + 44
PRINT "

NEX XPOS
NEXT ZPOS

CLOSE #1

CALL IBWRT(dvnft 'CLOSE 101') 'ur

CALL IDWRT(dvm%, 'OPEN I10I;CONF DCV') %omiveav.

NEXT YPOS
OOTO I

100 END
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Pressure Transducer Calibration

The pressure transducer for the Scanivalve needs to be

calibrated. A known pressure is applied to the Scanivalve

and the associated voltage is measured and recorded. The

procedure below is specific to the equipment and needs of

the TCTF.

- U-type manometer

- Compressor located on the south side of Building
19, WPAFB

- Air stilling chamber with nozzle, pitot tube,
and hand vacuum pump

- Scanivalve

- Flexible rubber plastic tubing and connections

- PRESSCAL.BAS program

Progedure

1) Run PRESSCAL.BAS

2) Connect the Scanivalve and the U-type
manometer with the flexible rubber tubing.

3) For above atmospheric pressure, position the
pitot tube in front of the nozzle and
connect to the Scanivalve and manometer with
a T.

4) With air supplied from the compressor adjust
the flow of the nozzle.

5) Record the height of water in the manometer.
(The program converts this to pressure and
records the pressure and voltage)
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6) Repeat steps 3-5 for below atmosphere using the
hand vacuum pump connected with a T to the
Scanivalve and the manometer

The data recorded should be linear. A range of data above

and below the expected pressure values should be taken.

B.2



Appendix C contains Ct and %t plots at Re - 4.55 X

105. These plots are different, however, because they

contain the results of the bars stopped measurements. They

were not included in the original plots for reasons of

clarity.

0.25

0.20-

0.10-

0"5. OE;== •

#.~@Bars .tplls8o seea 8o bars./::e 91 b,
180 an/sec160 barvZ . 1e a

320 bars/see )OW 40 ban/see 13 ban
SNo Bar 4• •r saopped 191 bar

-0 .06 -1 1 1 1 1 1 1 t I I I I I I I I I I
0 1 2 3 4 5 6 7 8 9.

Pressure Side Y (cm) SuaUon Bids

of Made 3 of Made 2

Fig. C.1 Plane 1 Kid-span C,, at Re 4.55 X 10
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