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(ABSTRACT)

New ventilation fans for Navy ships need to filter
chemical agents from the supply air. This requires much
greater pressure ratios than in earlier fans. This research
was conducted to understand the performance of these new fans.

LDV measurements of axial and tangential velocities were
made in a Navy fan from upstream stations, throughout the
blade row, and downstream into the stator. Data were
collected two ways: (1) averaged over the entire rotor cycle
and (2) averaged at each rotation angle.

Upstream bimodal probability densities of the axial
velocity component were found in the cycle-averaged data.
Bimcdal distributions indicate instabilities in the stagnation
or separation lines or vortex shedding. The phase-averaged
data show there to be a dependency of velocity on rotor
positions.

Downstream profiles mapped the large separation region
downstream of the rotor. The downstream region shows

recirculating flow and reattachment as the flow moves into the



stator section.

Phase-averaged profiles in the stator inlet plane show
the periodic rotor wake as it enters the stator. The
resulting flow angle does not match the stator angle.

In the blade row, the phase-averaged velocity profiles
show negative tangential velocities near the leading edge and
separation occurring near midchord. The region influenced by
the separation extends across most of the blade passage as the
fluid approaches the exit plane of the rotor. The separation
in the blade row contributes to the poor performance of the

fan and low pressure recovery.
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1.0 Introduction

Proper ventilation is important for the efficient
operation of mechanical, electrical and human systems.
Ventilation systems are designed to replace "used" air with
clean contaminant-free air and to condition and control the
air flow. Many situations require a continual exchange of
air: chemical plants, cooling towers, car engines, and
livestock housing facilities (ref 1). Details on several
ventilation systems can be found in the ASHRAE standard (ref.
2), and HVAC specifications (ref 3). Since the primary
function of ventilation systems is to provide air flow, they
require the use of fans.

Navy Collective Protective System (CPS) supply fans are
designed for the ventilation systems of surface ships. They

need to supply sufficient air flow for the crew and operation

of the ship’s machinery. Modern considerations of hostile
contaminants require conditioning the air Dbefore it
circulates through the ship. Therefore, these fans must

perform at high pressure ratios to sustain the required flow
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rate through filters designed to remove biological and/or
chemical agents from the inlet air. Figure 1 illustrates the
operating setup for these fans. Figure 2 is a graph of the
desired performance characteristics and outlines the required
operation region. The "box" drawn on the pressure curve in

Figure 2 indicates the acceptable performance conditions.

1.1 Motivation for research

The Navy wants to understand and improve the performance
characteristics of the CPS system. To do this the Navy is
conducting research toward understanding the unsteady pressure
and flow occurring in these fans. This investigation is part
of that larger effort. The goal for the overall program is to
develop "a computational tool to predict the flow unsteadiness
of shedding vortices generated by upstream lifting surfaces
and their interaction with downstream surfaces" (ref 4).
Reaching this goal requires both numerical and experimental
work. The numerical work includes potential flow programs
employing the unsteady Kutta condition and variable-strength
sources and vortices distributed on the surfaces. The
experimental side includes phase-keyed LDV measurements, LDV
measurements of the rotor wake interaction with the stator and
flow visualization of vortices in the stator region for
unsteady inlet flow.

Both numerical and experimental work are conducted at

David Taylor Research Center (DTRC). Computer programs for
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steady, 3-D flow have been developed that model potential flow
through multi-stage cascades for both rotating and nonrotating
parts (ref 5). Reference 6 describes the numerical coupling
techniques for modeling the flow interaction between the rotor
and the stator. The numerical results will be used to predict
performance of vaneaxial fans. Also at DTRC, performance
tests are conducted on fans to evaluate parameters such as
volumetric flow rate, fan power output, fan static efficiency,
and fan total efficiency. Established by the Air Movement and
Control Association, Inc. and American Society of Heating,
Refrigeration, and Air-Conditioning Engineers, Inc. (ASHRAE),
standard fan testing methods, the ANSI Standards, are being
used at DTRC. Figure 3 1s a photo of the test facility at
DTRC. Other tests also being conducted include additional
pressure taps and Pitot tubes and flow visualization. Both
the numerical and experimental work independently contribute
to the efforts. However, real velocity measurements used with
the numerical models will improve the evaluation process for
the Collective Protective System. The data presented in this
paper 1is to be used in this manner, to compare computed
velocities to measured velocities and to see how accurate the
numerical models are.

The LDV measurements are of exceptional interest to the
Navy. This 1is because of the ability of LDV to measure
otherwise inaccessible regions of the flow, between the

blades, and the sensitivity of the method to detect high
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frequency unsteadiness and flow reversals due to separation.
The present study examines the detailed spatial variations of
flow through several parts of the Al103 fan using LDV.
Averaged velocities are measured before and after the blade
row. Phase-averaged velocities are measured between the rotor
blades and in the entrance plane of the stator region. The
LDV velocity information about the flowfield through the Navy
A103 CPS supply fan will be valuable in understanding inlet
conditions, the influence of the intrablade flowfield on fan
performance, and the interaction of the rotor wake and the

stator.

1.2 Axjial Ventilation Fans

Ventilation systems require the movement of air and
therefore the use of fans; the proper fan must be chosen for
a specific task. Two common types of fans used are axial and
centrifugal fans. Typically, axial fans are used where large
quantities of air are required against a low pressure
condition and centrifugal fans are used where dust and fumes
are present (ref 7).

Axial fans are typically designed for certain operating
conditions with predetermined pressure requirements and a
known duct resistance. Axial fan configurations may include
a nose faring, prerotator, rotor, straightener, and tail
faring. The rotor hub 1is typically 40-70% of the rotor

diameter and is larger for high pressure fans, as in this
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case. The performance of the fan is a function of the volume
of flow it provides. Losses are due to friction, secondary
flow and energy dissipation. Usually, low pressure fans have
few blades compared to high pressure fans. Enlarging the hub
diameter or increasing tip speed causes the pressure rise to
increase across a given rotor design (ref 8).

Much research has been conducted on existing axial
ventilation fans. Ducting, inlets and outlets greatly
influence fan performance; a uniform inflow results in the
best performance in axial fans (ref 9), a poor diffuser
greatly reduces the pressure recovery and the overall
performance (ref 10). Several flow control methods have been
investigated to improve performance such as, variable pitch
blades for controlling the flow rate (ref 11) and leading edge
slats for boundary layer control and the delay of separation
(ref 12). Other research in axial fans in venti}ation systems
includes applications in wind tunnels, cooling towers,

automobiles, and road tunnels (ref 13).

1.3 Laser Doppler Velocimetry
An Historical Review and Applications in Turbomachinery

The Doppler concept was realized by the 19th century
German physicist Christian Doppler - that the frequency of a
sound wave 1is unlike the emitted frequency when there is a
velocity difference between the receiver and the sender. Not

until 1905 was the Doppler concept applied to light when
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Einstein showed the same phenomenon to be true. With the
invention of the laser in 1960 came the idea of using this
concept as a measurement technique in the laboratory. In
1964, Yeh and Cummins took the first successful LDV
measurements (ref 14).

The first measurements were as much an evaluation of the
LDV technique as the flow field measured. With a helium neon
laser and a water Bragg cell Yeh and Cummins measured the
profile of laminar flow through a tube. They used what is now
referred to as a "reference beam" setup. Later, other optical
arrangements were developed including the "single beam" system
in 1966, the "dual beam" anemometer in 1967, and the "dual
scatter" setup in 1969 (ref 14).

LDV could be used to evaluate flow fields that were
otherwise difficult to measure. Applications include
atmospheric measurements, wind tunnel measurements, two phase
flow phenomena, blood flow, chemically reacting flows, engine
flow and rotating flows. LDV looked particularly promising in
evaluating the flow in rotating machinery.

Measurement techniques used in rotating machinery include
rotating and stationary hot wires and Pitot tubes (ref 15).
Figure 23c shows the results from a 5 hole probe survey taken
at DTRC, to be discussed later. The probe penetrates into the
flow and causes some disturbances. Using LDV, the flow is
undisturbed, there is no influence due to a measuring probe,

and the measuring volume can access regions of the flow
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otherwise unreachable, e.g. between rotating blades and other
moving parts. Due to the nature of these types of
investigations, several issues need to be addressed (ref 16)
and many will be discussed for this application, e.g. window
design, particles, optics, reflections. Experiments cited
below are applications in turbomachinery and are followed by
a discussion of some considerations for measurements in
rotating machinery.

First applications largely used two component laser
Doppler systems in high speed machinery. Two-dimensional
velocity fields were measured for several different compressor
configurations identifying shock structures and their
locations (ref 17,18,19). Measurements taken in a transonic
rotor illustrate the unsteady character of the intrablade flow
seen by the bimodal probability densities of the velocities
(ref 20). They also illustrated the movement of the shock.
Wake characteristics for a transonic axial fan show vortex
shedding occurring downstream of the rotor (ref 21). The flow
interaction of the rotor wake with the stator row in a single
stage transonic axial flow fan is wunsteady and non-
axisymmetric (ref 22). References 23 and 24 show results for
multistage machines.

Measurements 1in turbomachinery require knowing the
rotor position for each valid measurement. Using the once-
per-revolution signal and triggering the measuring system

after a specified time delay allows for different blade
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passages to be evaluated (ref 18). Other methods include
using a once-per-blade trigger (ref 25), a once-per-
revolution trigger and the time between data (ref 26), or an
optical encoder (ref 27). The importance of knowing the rotor
position is evident from the variations of intrablade flow
measurements shown by Krain (ref 28). Ideally, the intrablade
flow would not vary from blade to blade. Due to manufacturing
limitations, differences occur resulting in variations between
the intrablade flow patterns and performance.

Measurements in turbomachinery require optical access
into the flow. Window design is important to get valid data.
Curvature, material, orientation of the optics, refraction
effects, window thickness, and accessibility are some window
design considerations since the window is necessarily in the
optical path and very likely near moving mechanical parts (ref
29). Techniques for improving the optical systems include
using proper laser power and beam crossing angle (ref 30),
reducing the influence of reflections by painting the rotor or
using fluorescing particles (ref 31). Three dimensional
measurements in turbomachinery are also of much interest. A
three color three component system was used for measuring
three non-orthogonal components in a General Electric
compressor. Secondary flow was detected showing radial
velocity outward along the blades (ref 32). Other 3-D
techniques are also in use, such as, a single beam system

multiply divided where frequency shifting distinguishes the

Introduction 8



components (ref 33), and a 2-D system and a fiber optic that
transmits the probe volume into the blade row for radial
measurements (ref 34).

Other techniques combined with LDV give a more complete
evaluation of the flowfield. Holographic interferometry can
depict a 3-D shock while LDV measures the velocity field (ref
35). Pressure measurements in combination with LDV velocity
information allow for the calculation of total and static

pressure and pressure losses in an axial compressor (ref 36).
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2.0 Description of Fan Facility

The test ran in the engineering lab at the Virginia Tech
airport. An A103 CPS fan, manufactured by Buffalo Forge, was
first modified for the experiment. The fan has a 9 blade
rotor and an 11 Dblade stator section. The rotor has a
diameter of 21" from blade tip to blade tip and the casing has
a diameter of 21 1/16". The rotor hub is 93% of the total
rotor diameter due to the required high pressure rise ( Fig
4,5). The blade has a span of 0.7" and a chord length of
7.5". The chords of the blades are at an angle 36.5 degrees
measured from the trailing edge of the rotor hub and the
blades have a projected chord length of 4.5625" measured along
the axis of the fan (Fig 5). The rotor speed is approximately
3580 rpm resulting in a tip speed of 328 f/s. A 3" by 9 "
hole cut in the casing allowed for optical access into the
flow. A piece of plate glass 1/4" thick was mounted as a
window using silicone sealer. Plate glass was the best choice
to minimize any distortion that might have occurred due to
crazing or curvature if plexiglas or another material was
used. To reduce laser reflections from the inside surfaces,

Description of Fan Facility 10



the rotor was painted with flat black paint. For the phase-
averaged measurements, we added a downstream window for access
into the leading edge plane of the stator. The flow
arrangement is an ANSI standard outlet duct setup (ref 37, Fig
6) that is wvery like the setup used at DTRC. The layout
includes an inlet settling chamber in front of the fan, a
transformation piece after the fan, followed by straight
ducting with a flow straightener, nozzle, throttle and
exhaust. The setup was instrumented for taking pressure and
temperature measurements in the settling chamber, before and
after the transformation piece, and before and after the
nozzle. A plywood flow straightener was inserted in the
inlet of the settling chamber to reduce the influence of
outside wind gusts and swirling of the inlet flow.

For comparison with the standard performance requirements
for this design fan, a performance characteristic was
established for this fan. The performance curves are
constructed from the pressure and temperature information
recorded at the stations indicated in Figure 6 when running
the fan at different back pressures and using the procedures
outlined by the ANSI standard. The data were taken while the
fan was set up at Virginia Tech and had to be corrected to
standard conditions, Table 1. Employees at DTRC Annapolis,
Maryland evaluated the corrected performance curve, figure 7.
The corrected data demonstrate that the Virginia Tech fan

satisfies the minimum Navy specifications. The box drawn on
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figure 7 indicates the performance requirements.

The current configuration consists of only a rotor and
straightener. The absence of the nose faring and tail faring
(Fig 5) predetermines the poor performance of the fan and the
inability of the system to have better pressure recovery. Due
to the short blade length, any secondary flow effects
occurring near the hub and outer casing will greatly influence
the flow pattern and reduce fan performance. The coordinate
axes used for these measurements are indicated in figure 8 and
figure 9 showing where references are made for measurements
taken in different parts of the fan.

The efficiency of this fan is only approximately 35% (ref
38, table 1). Though of the same design, efficiencies vary
from fan to fan due to small irregularities in manufacturing.
The low efficiency and variation in performance illustrate the
need for improving the current design and the need for

considering more controlled manufacturing methods.
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3.0 Instrumentation

For the two sets of data collected two different methods
of data acquisition were necessary. The cycle-averaged data
were a time average of all the measurements taken through a
point over a set length of time. For this case the analog
signal was collected. The phase-averaged data were collected
as a function of rotor position and had to be sampled
simultaneously with the information from the rotor. For this

case the digital output was collected.

3.1 LDV Instrumentation and Setup
3.1.1 Averaged velocity measurements

A two-component LDV system was used for the cycle-
averaged measurements taken in the CPS fan. The system
includes a Coherent Innova 70 Argon laser and a TSI system
9100-7 two color optical system. An Inrad Matsushita 40 Mhz
Bragg cell and a TSI 80 MHZ Bragg cell produced frequency
shifts for the tangential and horizontal components,
respectively. Two TSI model 9186 frequency shifters, a TSI
model 9287 frequency separator and a TSI model 10904 amplifier
were used for powering the Bragg cells and mixing the signals.

Instrumentation 13



The downmixed shift frequency was typically 2 MHz for
measurements upstream of the rotor and 10 MHz for both
components downstream of the rotor. To minimize light
scattered from the rotor hub and window, we aligned the
receiving optics approximately 30 degrees in an off-axis
backscatter mode. The complete instrumentation layout is
shown in figure 10. The incident and receiving lenses had
focal lengths of 250 mm and 120 mm respectively. The beam
spacer reduced the distance between the Dbeams to 35 mm
resulting in fringe spacings of 3.558um and 4.08um for the
axial and tangential components. The fringe spacing was
measured using a calibration disk, to be discussed in chapter
4. The optics are shown in the figure 11.

The traversing system is a modified horizontal milling
machine with 3-dimensional traverse capabilities. A TSI 6 jet
atomizer seeded the flow with PSL’s suspended in water.
Figures 10-12 show the ducting, the fan, the optical set up
and much of the instrumentation used for the experiment.

Two TSI counter processors were used for this portion of
the data collection. The number of cycles counted per burst
was N=8 with the validation comparison set at 2%. The counter
operated in the continuous burst mode. The exponent and
filter settings changed according to the flow region being
measured. The computer, an IBM AT compatible, sampled and
stored the analog Doppler period output signals from the

counters via a Cyber Research RTI 850 A/D converter board.
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Labtech Notebook by Laboratory Technologies Corp., a data
acquisition program, sampled each channel at a rate of 40 Hz
for an interval of 50 seconds. We used an oscilloscope to

view the output signals for visual validation.

3.1.2 Phase-averaged Velocity Measurements

For the phase-averaged data, some changes occurred in the
LDV setup. A Coherent Innova 90 Argon laser replaced the
Innova 70 for these measurements. The higher power was not
necessary, only the Innova 90 became available at a convenient
time. The optical setup differed for these measurements from
the earlier one in that only one component of velocity was
collected at a time.

The receiving optics remained in an off-axis back scatter
mode for minimum reflections and noise. This also created
problems due to eclipsing of regions inside the blade row by
the blades themselves. Off axis receiving optics produce
regions shadowed on the upstream side of the blade due to the
angle of the receiving optics relative to the rotor.
Consequently no data could be collected there.

For the measurements taken downstream in the stator
section, the incident and receiving lenses had focal lengths
of 482 mm and 254 mm respectively. With the beam spacer, the
fringe spacings were 6.599 um for the axial component and
6.885um for the tangential component for the profiles taken in

this region. For the measurements between the blades, the
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setup included an incident lens with a focal length of 250 mm
and a receiving lens with a focal length of 254 mm. Here the
beam spacer was again used giving fringe spacings of 3.319 um
and 3.946 pMam for the axial and tangential components,
respectively.

It was necessary to synchronize the velocity data with
the phase of the rotor. Therefore, we collected digital data
from the counter while simultaneously collecting position
information. A data acquisition program developed for this
application collected the velocity data from the digital I/O
port on the TSI timer unit. Each velocity component was
collected separately rather than simultaneously which required
realignment for each component and also realignment for each
region of the fan. A BEI Model H 25 Incremental Encoder with
a resolution of 4096 pulses per revolution mounted to the
shaft of the motor indicated rotor position. Figure 13 is an
exploded view of the encoder. DTRC provided a circuit for
sensing the direction of rotation, counting the pulses to
determine rotor position, and sending the information to the
computer. For this application, the rotation direction was
constant and the required resolution of the encoder was much
less then 4096. Disconnecting one input line disabled the
direction sensing and quadrature capability of the encoder and
reduced the resolution to 1024 pulses per revolution. This
corresponds to 1 pulse for every 0.0644 inches along the

circumference of the rotor or 0.35 degrees of rotation. Two
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24 bit parallel digital I/0 Metrabyte boards, model PI012,
were used for transferring the data from both the encoder and
the counter. FEach has 24 TTL digital I/O 1lines and
handshaking which was necessary for interfacing with the
counter. Data were collected for a minimum of five minutes

per point.

3.2 Other Instrumentation

A miniature Pitot tube and static tap and a separate
Pitot-static tube were installed at the upstream end of the
fan x/c=-0.27 from the leading edge of the blades. U tube
manometers indicated the readings for the Pitot tube profiles.

Dwyer manometers and mercury thermometers were installed
for the pressure and temperature measurements made at the
stations indicated in figure 6. A laboratory barometer
indicated the atmospheric pressure. The thermometers were
graduated in increments of 0.1° F and were mounted with the

bulbs several inches into the ducted flow.
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4.0 Experimental Procedures

The procedures used to collect and evaluate the
measurements were different for the cycle-averaged data than
for the phase-averaged data. The Pitot tube profile 1is
included in the cycle-averaged discussion because it 1is
compared to that type of LDV profile. The fringe measurement
technique, locations of the measurements, seeding methods and
data reduction procedures for both the cycle-averaged and
phase-averaged data will be described in this chapter.

For the positioning of the measurement volume, several
reference lengths and locations are used. The radial
positions are normalized with respect to the span of the flow
channel downstream behind the rotor (Fig 8). The flow channel
changes in width at the trailing edge of the rotor and is
approximately 1.5". Radial location is reported as percent
span, r/b, 0 being nearest the center of the fan axis and 1
being on the outer case. Axial locations are normalized with
respect to the projected chord length of the blades, x/c,
where ¢=4.5625". The axial locations are measured from the
leading edge of the rotor, x, trailing edge of the rotor, x’,
or leading edge of the stator, x". Azimuthal positions in the
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stator region are reported in percent of stator passage, 0/,

where P=32.7°. Refer to figures 8 and 9.

4.1 Cycle-Averaged Velocity Profiles
4.1.1 Experimental Procedures

For this portion of the investigation we measured
velocity profiles before and after the blade row. The
velocity profile in the entrance plane of the fan was first
measured using a Pitot tube and static tap. The static tap
was drilled through the casing x/c=-0.27 from the leading edge
of the rotor blades. This was the same axial location where
the stagnation measurement was being evaluated. The fan had
a differential pressure of about 4.0" of water across the
contraction nozzle shown in figure 6 between planes 4 and 6.
The differential pressure settings need to place the fan
operating condition within the required "box" indicated on the
pressure curve (Fig 7). For all the LDV measurements
reported, the differential pressures may not be the same but
the fan operating condition falls into this region and is
satisfactory for this evaluation. The Pitot tube traversed
between 0.84 r/b to 0.51 r/b in increments of r/b=0.04
(1/16"). We aligned ﬁhe Pitot tube with the flow by rotating
it to maximize the dynamic pressure. Some of the Pitot tube
data were repeated with a Barocell differential pressure
transducer with no significant difference. The profile was

also repeated using a Pitot-static tube with no significant
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difference.

Cycle~-averaged LDV measurements were then taken in the
plane of the Pitot tube, in front of the leading edge of the
rotor, and behind the trailing edge (Fig 8). The LDV system
collected simultaneous axial and tangential velocity in the
random mode. The alignment process is outlined in the TSI
manuals for further reference (ref 39,40.41).

The signal quality depends on the amount of received
light and on the fringe contrast. To gauge the signal
quality, to aid alignment, and to measure the fringe spacing,
we use a 3" disk to rotate a wire (.001" diameter) through the

probe volume at a known velocity (Fig 14). With the diameter

of the disk, D, the rotation speed, w , and the unshifted

Doppler frequency, f, , the fringe spacing, d, can be found

from
V w D
d=—2-2 = 4.1
fb 2 fb ( )

where V is the velocity at the edge of the disk and w is

expressed in radians/sec. Viewing the signal from the wire on
an oscilloscope allows for fine tuning of the receiving optics
and maximizing the signal.

Seeding particles are introduced intoc the flow from
inside the settling chamber. We used polystyrene latex
spheres (PSL’s), sizes 0.9 um or 2.0 um depending on

availability. These produced good signals inside the fan. A
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plastic tube attached to the TSI atomizer directed the stream
of particles. It was held to the side and in front of the
bell mouth. The lateral location of the tube was chosen to
maximize the light intensity scattered from the region of the
laser intersection. As an aid in positioning the seeding
particles for the downstream data, we took the measurements
after dark to allow the laser intersection to be seen by
looking through the fan from the inlet.

Some of the particles, due to agglomeration, centrifuged
out toward the case. This made it necessary to stop the fan
to clean the window due to the collection of seeding particles
on its surface. For the upstream measurements, we could clean
the window from the inlet with the window sealed in position.
For the downstream measurements it was necessary to make
modifications to the window mount (Fig 15a). An aluminum
window frame and clamps allowed for quick removal and cleaning
(Fig 15b).

We collected the average LDV profiles upstream and
downstream of the rotor in two segments. First, upstream data
were taken while the fan was 1loaded with a differential
pressure across the nozzle of 4.5" of water. Both vertical
and horizontal components were frequency shifted. Second,
downstream data were taken with the fan loaded with a
differential pressure of 6" of water. Both components were
frequency shifted. Again, the axial location is measured

relative to the leading and trailing edges of the rotor for
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the upstream and downstream profiles, respectively.

4.1.2 Data Processing

The computer collected the signal from the analog output
of the counter through the A/D board. Data were collected for
50 seconds at 40 Hz on both channels. The filter settings for
each region of the fan were different depending on the amount
of frequency shift and speed of the flow. The settings were
always set such that the data fell well into the filter
settings. The output voltage from the counter is proportional
to the time for eight cycles of signal. The corresponding
frequency is calculated from the voltage output and exponent
information. From the number of cycles, N, the analog output
voltage, V;, and the exponent, n, the resulting Doppler
frequency is

R 10
f-_Ahlo
VT* 2n+9

After subtracting any frequency shift, f,, the velocity can be
calculated using the fringe spacing, de,
V= (f,-fg) xd, (4.3)

The averaged velocity is then calculated after all the data
was converted to velocity.
The probability densities and RMS profiles were evaluated

to show the variations occurring in the measurements.
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4.2 Phase-averaged
4.2.1 Experimental Procedures

For this portion of the investigation we took
measurements in the stator region and in between the blades.
Three profiles were measured in the leading edge plane of the
stator, x"/c=0, and one at x"/c=0.22, measured from leading
edge of stator. Between the rotor blades, profiles were
measured at 11 stations starting at the leading edge, x/c=0,
and ending at the trailing edge, x/c=1.0, in increments of
x/c=0.1 measured from the leading edge of the blades. The
optics alignment procedure is the same as for earlier
measurements except this setup collected only one component.
Only one component was collected due to the limitation on our
digital acquistion method, to be discussed later. The
calibration disk was again used for measuring the fringe
spacing.

The measurements in the stator region required an
additional window to be cut in the motor housing for optical
access. The aluminum frame for the upstream window fit in the
new window as well to allow for easy cleaning. The TSI
atomizer seeded the flow with polystyrene latex spheres, 2 um
in diameter.

Due to the long run times for the phase-averaged data,
a pulley system was set up for aiming the particles (Fig 16).
Two rods mounted in the settling chamber on either side of the

bellmouth allow for varying the height of two supporting
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pulleys. A cable is attached through both pulleys allowing
for horizontal movement of the seeder tube.

The phase-averaged profiles are separated into two
segments, profiles in the stator section and profiles in the
blade row. First, for the profiles in the stator region, the
fan had a differential pressure of 5.5". Both the axial and
tangential components were frequency shifted, 10 MHz and 1 MHz
respectively, expecting reverse flow in the axial direction
but not in the tangential. Second, for the data taken between
the blades the fan had a differential pressure of 6" across
the nozzle. Both components were frequency shifted 10 MHz to
capture any flow reversals or stall characteristics. Again,
the filter settings were different for the different regions
and were set such that the velocity data fell within the
filtered range. These pressure settings across the nozzle
put the fan operating condition within the acceptable range

(Fig 7).

4.2.2 Data Processing

For the phase-averaged measurements, the data must be
collected digitally because it 1s necessary to collect
coincidently the velocity data and the rotor position. The
output was collected from the digital I/0 port in the TSI
Timer unit. The counter transmitted only the exponent, time
mantissa and data ready information to the digital I/0 board

in the computer. We manually set the N cycle information and
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the exponent loosing some resolution but simplifying the later
data reduction procedure. The computer returned a data hold
signal to prevent the counter from updating while the data
transfer took place. For further information refer to the
TSI and Metrabyte manuals (ref 39,40,41,42). The positioning
information came from the encoder port through another
Metrabyte board whenever there was a valid velocity sample
from the counter. Only the data from 1/3 of the rotor
positions were accepted corresponding to encoder positions
0x@00 hexadecimal to #x155 hexadecimal as shown on the encoder
box display. These coincide with rotor angles from 0 through
120 degrees and covered three blade passages. Collecting data
over three passages allowed for the variations between blade
passage flow patterns to be detected. The digital information
was converted into Doppler frequency and then velocity before
it was stored. The frequency was calculated from the digital
output using the time mantissa, T,, the exponent, n, the
number of cycles, N, and the clock resolution, (1*107%)

seconds.

N
£= 4.4
¥ T,x2773x (1%107%) sec (4-4)

Any frequency shift was then subtracted out. Multiplying the
resulting frequency by the fringe spacing yields the velocity.
A matrix 40 by 341 stored the velocity information with rows

corresponding to velocity intervals and columns to encoder
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Axial Velocity Profiles of Two A103 Fan Wheels

Position Downstream of Rotor Blade T.E.

200
DTIRC 5-Hole probe data
Al103 wheel; straight insert
Ptc: 12 in.wg; Qc: 2828 cfm
B use-11.3 @ ysernc. A 188 +11.36"
0 1-s/8- & -11.36° > 1-5/8" 8 T.D.C. O 1-578" 8 +11.36 /: R
150 | /’ \
. g R
W
100 | =~
v
B D
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z
z
5 sof y
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>
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0 (A
| -5 (/
«
“"/
-s50 L
100 ' r
) 9.0 9.5 10.0 10.5
' Radial location (in.)
Figure 22c : Downstream 5 Hole Probe Profiles. The

downstream region was evaluated at DTRC using a 5 hole probe.
These profiles map out the separation region behind the rotor.
These profiles are very similar to the cycle-averaged LDV
profiles in the same region.
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Illmingtlng light vave
=89)

Scattered |1ght

Figore 8.2 : Frequency Shift of Light Scattered by o Moving Porticle.

The inconing tight is o plone vave of o certain frequency vhich sirlkes

the particle. The reflected light is scottered ot o different frequency due fo
the veloclty difference between the [lght vave and the noving particle. Another
shift occurs between the scatiered 1ight and the photonultiplier.
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Vita

Deborah Ann Furey was born April 19, 1966 the youngest of
four to M. Nancy and Roger J. Furey. She and Robert Emmett,
Maura Lee, and Kelly Anne, her elder brother and sisters by 7,
5, and 4 years, grew up together in Vienna, Virginia. Her
education began when Kelly taught her the multiplication
tables while upstairs sitting by the heater. From there, she
went to Stenwood Elementary and Thoreau Intermediate Schools.
She graduated from George C. Marshall H.S. in Falls Church,
Virginia in 1984.

In the Fall of 1984, she started at Virginia Tech in the
Engineering College. In the first summer, she began a Co-op
job at David Taylor Research Center in Bethesda, Maryland.
After 5 years intermittently spent at Tech and David Taylor,
Deborah graduated in Aerospace Engineering. After one summer
as a full time employee, she took leave from DTRC to return to
school for her Master’s Degree. In the Fall of 89, she began
the work toward a Master of Science in the Engineering Science
and Mechanics Department. After two years, she finished her
degree in September of ’91.

She is returning to David Taylor Research Center where
she will be working for the Towed Systems Branch. Deborah
plans to work for 1 1/2 to 2 years after which she plans to

return to school to pursue a PhD in Engineering.
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