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(ABSTRACT) 

A three-color, three-component Laser Doppler Anemometer (LOA) capable of making si

multaneous measurements of three components of velocity is described, and the use of this LOA 

to measure three non-orthogonal velocity components in the rotor blade passage of a single-stage 

axial-flow compressor is reported. Measurements were made at four radial locations from 50% 

span out to the blade tip, and at seven different axial locations from -0.55 axial chord 1.40 axial 

chord. Measurements were made at only one throttle setting. 

The measured velocities are used to determine the flow in the orthogonal axial - tangential -

radial, x - t - r, coordinate system of the compressor. Although the mean velocities and entire 

Reynolds stress tensor are obtained with this system, only the mean velocities are reported. Results 

are presented in the form of a series of vector plots showing: 1.) the primary flow as projected on 

the x - t plane and 2.) the secondary flow in the t - r plane. The LOA measurements are shown 

to agree with pitot pro be measurements in the stationary frame and basic secondary flow theory. 

A detailed error analysis is presented, taking into account both measurement uncertainties and 

statistical biasing. An analysis is also made of particle lag in the rotating flow of the compressor 

blade passage. 

A discussion of the difficulties encountered in making three dimensional velocity measure

ments in turbo machinery blade passages is presented. Suggestions are made for improving the 

present system for this task. 
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Chapter 1 

Introduction 

The Laser Doppler Anemometer is one of the most useful measurement tools available for 

making velocity measurements in propulsion-related flow fields. This is true due to the LDA's in

sensitivity to temperature variations in the flow, its ability to provide useful measurements even in 

highly turbulent flows, and its non-intrusive nature. This last feature is especially valuable, in that 

it allows measurements to be made within rotating machinery without having to mount any sensors 

on the rotating elements. This allows measurements to be made in high speed, highly stressed blade 

rows where the sensors needed for other techniques could not survive. 

Because of the Laser Doppler Anemometer's unique abilities, it has been a favorite tool of the 

scientist and engineer for making flow measurements in propulsion flow fields and the literature is 

replete with such measurements. In general, though, the measurements which are reported are 

two-dimensional flow fields, typically in the axial-tangential plane for axial machines. These 

measurements are performed with a single channel LDA with a rotatable beam splitter requiring 

separate measurements of each component or, with a two channel LDA where the axial and 

tangential components of velocity are measured simultaneously. Some exceptions to this norm do 

exist, however. 
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For example, Stauter and Fleeter [1] measured all three components in an annular cascade by 

using a-one component LDA and taking measurements at several different orientations. Perhaps 

more interestingly, Carey, Fraser and \Vilson [2] have measured the three components of flow in a 

mixed flow compressor using a two component LDA in two different orientations. A more com-

plete summary of the history of 3-D LDA measurements can be found in either Dancey [31 or 

Meyers [41. As of the time of this writing, however, no accounts have been reported of the meas-

urement of all three components of flow simultaneously in a rotating machine. 

There are several advantages to measuring all components simultaneously. The most obvious 

of these is the decrease in time needed to obtain the measurements, since only one set of measure-

ments need be taken to determine the total velocity vector with a three component system as op-

posed to the two or three sets of measurements needed with other systems. In addition, if the 

measured components are non-orthogonal, the measured variances can be resolved into an 

orthogonal coordinate system. This is not possible if the measurements are uncorrelated. The most 

important advantage, however, may be the increase in accuracy that can be attained by making si-

multaneous three component measurements. Orloff and Snyder [5] have demonstrated that, for 

measurements made in a two dimensional flow, the ratio of the variance in the measured velocity 

when the two components are uncorrelated to the variance when the components are correlated is 

(Juncorr 
G corr 

.J 1 + cos2 cjJ 

sin cjJ 

where <p is the angle between the two measured components. 

[ 1.1] 

From this analysis, it follows that, for a coupling angle of 25 0
, the ratio of variances, and thus 

uncertainties, is 3.2. For the coupling angle of 14 0 used by Orloff and Snyder, the correlated 

measurements are 5.8 times more accurate than the uncorrelated measurements. This shows then 

that for measurements inside turbomachines, where it is frequently impossible to measure 

orthogonal velocity components, there is a significant gain in accuracy when measuring correlated 

velocity components. 
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The object of this research was to use a three·color, three-component Laser Doppler 

Anemometer to measure the flow in the blade passage of a low speed, axial flow research 

compressor, to examine theoretically the uncertainties involved in making such measurements, and 

to ftnd and report the various practical difficulties which arise whenever new equipment is used in 

a novel environment. The following chapters will describe the compressor in which the flow was 

measured and the LDA used to make the measurements. A detailed analysis of the uncertainties in 

the mean quantities will be presented followed by the results of the measurements. Vector plots 

will show both the primary flow in the axial - tangential plane and the secondary flow in the radial 

- tangential plane. The results will be examined in light of elementary secondary flow theory. 

Finally, a discussion of the difficulties encountered will be presented along with suggestions for 

improving this technique for the measurement of three components of flow in turbomachinery 

blade passages. 

Although data on the turbulence quantities were acquired in making these measurements, 

analysis of the data is not yet complete, and so is not reported here. 

Also, infonnation on the basic theory and operation of the Laser Doppler Anemometer is not 

presented here. Readers are therefore referred to Durst, Melling and Whitelaw {6J for a thorough 

treatment of the theory of LOA, and Strazisar [71 for background on LDA techniques and 

turbo machinery applications. 
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Chapter 2 

Experimental Apparatus 

2.1 Compressor 

The object of study in this experiment is the Low Speed Research Compressor located in the 

Department of Mechanical Engineering Turbomachinery Laboratory. This compressor is a General 

Electric lY10del 5GDY34A1 consisting of an axial flow fan directly coupled to a 7.5 horsepower, 0 

to 3000 RPM, DC motor. The hub of the compressor has a radius of 15.65 cm and the casing has 

an inner radius of 22.73 cm. The compressor can be conftgured with two stages, but for this work 

a single stage configuration was used. The inlet to the compressor is a smooth bellmouth supported 

by six radial inlet struts. A photograph of the compressor is shown in Figure 1 on page 5. 

The single fan stage consists of a 24 blade rotor followed by a 37 blade stator. The rotor blades 

have an RAF-6 propellor section with 4° of twist from hub to tip. The rotor blade stagger angle is 

43.5° at the hub and 47.5° at the tip. The blades have been painted black to minimize reflections 

from the blade surface. The blades have a chord length of 43.36 mm and a maximum thickness of 

5.56 mm. The rotor tip speed is 69.04 mis at the operational speed of 2900 RPl\1, with a 0.6 mm 

Experimental Apparatus 4 



Figure I. The Low Speed Research Compressor: LOA oplics shown in foreground. 
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gap existing between the rotor tip and the compressor casing. The rotor solidity is 0.84. The stator 

is located 26 mm behind the rotor, and has a mid-span solidity of 1.36. The blades have a stagger 

angle of 11 ° at the hub and 19° at the tip, and a turning angle of 27°. 

Behind the stator, the discharge annulus extends 1.0 m to a cubic plenum 1.2 m on a side. 

At right angles to the plenum inlet is an adjustable valve to regulate the air flow, and a large exhaust 

duct. Flow is discharged into the room. A diagram of the compressor and its ducting is shown in 

Figure 2 on page 7. 

To allow optical access to the rotor blade passage, the compressor has been modified with the 

addition of a 6.4 mm thick uncoated plexiglas window as shown in Figure 3. The window is 89.7 

mm long in the axial direction and 31.7 mm high. The flat window is flush with the inner casing 

wall at mid-height while deviating from the contour of the cylindrical casing by only 0.80 mm at 

the top and bottom. The dimensions allow optical access from 17 mm in front of the leading edge 

of the rotor ( -0.55 axial chord) to 12 mm behind the rotor trailing edge ( 1.40 axial chord) and 

from 450/0 span out to the blade tip. Access in the spanwise direction is limited by the window 

height, the angle of separation of the two optical axes, and the tilt of the optical table. Greater access 

in the spanwise direction could be achieved by increasing the height of the window, which would 

result in greater flow disturbance at the window edges, or by changjng the optical configuration of 

the LDA, which would result in tradeoffs explained in the next section. 

In order to characterize the flow in the compressor, a series of pitot probe traverses were made 

at positions 6 mm in front of the rotof, 7 mm behind the rotor, and behind the statof. At 2900 

RPM, these traverses reveal the compressor characteristic to be flat from the incipient stall Vx/ U tip 

of 0.36. to the maximum possible Vx/Utip of 0.47. The exhaust ducting prevented any greater flow 

rate. Over this range the total pressure rise was found to be a nearly flat ~Po/0.5p U;'p = 0.482. At 

wide open throttle, the angle of attack is 13° at 120/0 span and 22° at 84% span, while at incipient 

stall, the angle of attack increases to 19° at 120/0 span and 26° at 84% span. 

The experiment was performed at a Vx/Utip of 0.44. Typically, the temperature was 28°C and 

the barometric pressure was 709 mm Hg. At this operating condition the angle of attack is 14° at 

12% span and 23° at 84% span. The pitot traverses at the experiment operating point are shown 
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Figure 3. The Optical Window 
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in Figure 4 on page 9. From this plot it can be seen that the inlet axial velocity profIle is essentially 

flat from hub to tip. After passing through the rotor t though, the axial velocity becomes a strong 

function of radial position. The flow near the tip has a greater axial velocity than that near the hub. 

Thus, from continuity, there must be movement of the flow radially outward through the blade 

passage. This result is consistent with the angle of attack fIgures presented above, which were cal~ 

culated from pitot measurements made near the leading edge. Near the hub, the angle of attack is 

9° less than near the tip, so one would expect more work to be done near the tip than near the hub. 

This uneven distribution of blade loading would be expected to accelerate the outer flow relative 

to the inner flow. This is exactly what is shown by the measurements made behind the rotor. 

The pitot probe measurements also seem to indicate that the average axial velocity increases 

from the rotor entrance to exit. This is obviously incorrect, since the flow area is identical at the two 

measurement locations and the pressure change is small. Such discrepencies are to be expected 

though when making pitot probe measurements in locations which experience large velocity fluc

tuations -- such as a stationary point located just downstream of rotating blades. Heinze [8] states 

that, in a turbulent flow, pitot probe mean velocity measurements can be biased toward higher ve

locities. Unfortunately, the effect is not easily quantified, so the measurements are reported here 

without attempts at correction. 

2.2 The Laser Doppler Anemometer 

The Laser Doppler Anemometer used for these tests is a three-color, three-component TSI 

system 9100-12. The LDA uses the 1.5 \Vatt output from an 8 \Vatt Argon-Ion laser tuned to the 

488 run, 514.5 run and 476.5 run lines to power what is essentially three dual beam systems. These 

three lines ~- the blue, green and violet -- are each split and one beam of each of the three colors 

is shifted by 40.0 MHz. The six beams are then expanded and focused to a single spot 0.065 mm 
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in diameter. The fringe spacing, determined from the angle between the beams, is 4.81 Jim for the 

blue beams, 5.07 Jim for the green beams and 4.70 Jim for the violet. 

It can be seen from Figure 5 on page 12 that the blue and green beams are transmitted along 

a common optical axis and measure velocity components which are mutually perpendicular. The 

violet beams are transmitted along a separate optical axis and measure a component which is per

pendicular to that measured by the blue beams, but not the green. The angle between the 

blue/green optical axis and a normal to the compressor axis is 13° 201 while the violet optical axis 

is at 2SO 58' to the compressor axis, for a total separation of the non-orthogonal violet and green 

components of 39° 18'. These angles are about as large as space on the optical table permits, and 

were chosen to: 1.) direct reflections from the compressor window away from the receiving optics 

and 2.) minimize the uncertainty in the radial component of velocity as outlined in the uncertainty 

analysis section. In order to minimize the size of the measurement volume, the collection optics for 

the blue and green beams were located along the violet optical axis while signals from the violet 

beams were collected along the blue/green axis; that is, off-axis, backscatter collection was em

ployed. Separation of the signals was achieved with narrow, band-pass optical fIlters. 

The system is aligned through the window in the compressor casing. A block is placed in the 

measurement volume, and the laser spots are observed through an eyepiece attached to the col

lection optics. The common LOA alignment procedure of placing a microscope objective in the 

measurement volume and observing the projected image is not practical for this system. The large 

angle between the violet beams and the blue and green beams prevents all six beams from being 

projected simultaneously. 

The laser and all optics are mounted on a single optical table which is attached to a mechanical 

traversing mechanism. With this device, the optical table can be moved both in a direction parallel 

to the compressor axis, the x direction, and in a direction perpendicular to the compressor axis, the 

r direction. l\lanually-powered machine screws attached to a dial index allow positioning to ± 0.05 

mm. In addition the optical table can be rotated about the r axis. The freedom of the table to move 

in the x or r directions, combined with the rotation of the blade passage, allows for three degrees 

of freedom of movement within the blade passage. 
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Figure 5. The Three Color LOA System: The dotted line indicates a normal to the compressor axis. 
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In order to maximize optical access to the blade passage, the table is tilted at 45° 25', approx· 

imately -the stagger angle of the blades, and the table is positioned 6.5 nun below the horizontal 

plane of the compressor. Lowering the optical table ensures that the violet beams, which are at a 

greater angle to the r axis than the green beams, will not be clipped by the top edge of the window 

at a greater span than the green beams. The relation between the measured velocity components 

and the x - t - r coordinate system is illustrated in Figure 25 on page 63. 

Each of the optical signals is focused on a photomultiplier tube and the output from the PM 

tube is then downmixed to provide an effective frequency shift of from 0 to 10 Mhz. The amount 

of downmixing utilized is separately chosen at each measurement location in order to both facilitate 

ftltering of the output signal and maximize the data rate. The downmixed signals are amp lifted , m.

tered and then measured with a counter type signal processor. The ftltered signals are monitored 

on an oscilloscope, and ruters are manually selected to minimize noise without clipping the range 

of the Doppler signal. One measurement of eight fringe crossings is taken for each burst. Meas

urements are only accepted when all three channels record bursts within a period of 50 J..LS. 

The position of the compressor shaft is known from the twice per revolution output of a 

magnetic pickup. By means of a phase locked loop process, this twice per revolution signal is split 

into a 9600 ± 8 count per half revolution signal by a TSI Model 1999 rotary encoder. The 9600 

counts are divided into 12 groups of 800 counts, one group for each blade passage. 40 counts in 

each group are then selected as a data "window". Data are recorded only when a window is enabled. 

In this way, data is collected only in a small portion of the blade sweep. With 800 counts per blade 

passage and 40 counts per window, this windowing scheme allows for up to 20 non-overlapping 

measurement zones per blade sweep. At mid-span, each of these windows is 2.5 rom in length. This 

relatively large window size was chosen to maximize data rate at the expense of some spatial re

solution. Likewise, data is averaged over all blade passages in order to increase the data rate. 

An alternate method of taking data is to accept all measurements in a blade sweep, tagging 

each burst with the encoder count at the time of measurement. The data for an entire sweep can 

then be collected at one time and sorted later. This method, though faster than collecting data only 

in small windows, has several disadvantages which must be weighed against the time advantage. 
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The fIrst of these is that, since data rate is not a constant across the blade sweep, much more data 

may be~collected at some blade positions than at others. Thus at some positions, insufficient data 

may be taken to allow measurements of the required accuracy. Also, if a large velocity gradient 

exists from the blade pressure to suction side, futers must be set broadly, which can result in poor 

signal to noise ratio. For this use, the windowing technique was considered to be the better choice. 

Position of the encoder window relative to the suction surface of the blade is determined by 

observing the timing of the suction surface blade flare relative to the encoder window enable signal 

on an oscilloscope. The position is adjusted through controls on the encoder. 

Data is acquired in groups of 256 bursts by a digital PDP 11/24 with direct memory access. 

Since the system is operated in coincidence mode, each recorded burst consists of three measure

ments, one for each of the three measured components of velocity. At each measurement location, 

4 groups of data, or 1024 data points, are taken. 

2.3 Seed 

Selecting the appropriate seed can be one of the critical problems in Laser Doppler 

Anemometry. In general, two factors must be considered when selecting a seed. First, seed must 

be small enough to follow the flow accurately, yet still be large enough to be visible to the photo

detectors. The optimum particle size then varies with both the flow and with the laser system. For 

highly accelerating flows, such as flows where shocks may be present, particles significantly larger 

than 1 micron in diameter can lag severely behind the flow. High power lasers may be needed to 

see particles in these flows. For less demanding flows, larger particles may yield acceptable results 

and may allow the use of lower power lasers. In practice, the optimum particle is usually in the 

neighborhood of 1 or 2 microns in diameter. 

Second, the ability to generate particles in sufficient numbers as to ensure an acceptable data 

rate must be considered. The data rate, however, must not be so high that there is a significant 
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chance of two particles being in the measurement volume at anyone time. Usually t generating an 

adequate data rate proves to be the greater concern. 

For this experiment, there was yet a third factor which needed to be considered. The flow from 

the compressor dumped directly into the room, and the room was not well ventilated. For this 

reason it was necessary to choose a seed which was relatively benign to both man and machinery. 

At fIrst a simple aerosol of water looked promising, but experimentation showed that virtually all 

of the water droplets evaporated before they reached the measurement volume. This simple solution 

was thus ruled out. 

Eventually, the seed chosen to meet these three criteria was sugar. The sugar seed was gener· 

ated by supplying a six jet aerosol seeder with a solution of sugar and water. \Vhen the water 

evaporated, spherical sugar particles resulted. Measurement of the rate of sugar solution use indi

cated that about 100 million particles per second were generated in this fashion. The seed was then 

introduced locally to the flow, about 15 cm upstream of the compressor bellmouth. Seeding the 

flow in this way, the maximum data rate was about 500 per second using an encoder window of 

40 counts and averaging over all blades. When no windowing was used, the data rate was about 

20 times the windowed rate, or 10,000 per second. \Vith this data rate, the probability of two par

ticles being in the probe volume at anyone time was 0.02%. 

The particle size distribution was evaluated by two methods. The fIrst method used was to 

collect a sample of the seed on a slide and then examine the seed under an electron microscope. 

Several different concentrations of sugar water were examined using this technique. A solution of 

11 parts water to one part granular sugar by volume was found to produce the best particle size 

distribution. An electron microscope picture of the seed is shown in Figure 6 on page 16. The 

electron microscope pictures were digitized and then analyzed to determine the particle size dis

tribution. This method revealed the average particle size to be 1.9 Jim with no particles above 5 

Jim in diameter, and very few particles above 3 Jim. A visual check of the photographs, with the 

aid of a circle template, confirmed these results. However, no conftrmation could be made that the 

seed on the slide was truly representative of the seed in the air. It was possible that some seed did 

not stick to the glass, and blew away before the slides could be analyzed. 

Experimental Apparatus 15 



• • •• .e • 
• • • • • 

• 
.<j 

• • Q e. ~ • • • • • , ~ e • e () • 
• 0 ~ 

<a 

• (J • 0 e ~ • 
~ · . • f» '3 • 

0 .. • • • • • • • • Q • • • • • • • • • • • • • .. • 
• • 

• •• • • • • • e i' ~ . • • 
• i15S-5KU.X1500 10. U UMCUMe 

Figure 6. Electron :\-licroscope Photograph of the Sugar Seed: Seed generated using a solu tion of 11 
parts water to one part sugar by volume. 

• 

Experimental Apparatus 16 



10.,r-~-----r----~----~----~ __ 

I
Z 
LtJ 
U 5 a:: 
LtJ 
Q. 

0.5 2 5 10 30 
DIAMETER y...m) 

10~----~----~----~------------~ 

..... 
Z 
l&J 
U 5 a:: 
I.&J 
0.. 

0.5 2 5 10 30 
DIAMETER ("m) 

Figure 7. Aerodynamic Particle Size Distribution: Distribution found using an aerodynamic particle 
sizer. Top figure is for totally dry particles. The bottom figure was generated for seed col
lected near the measurement volume. The physical diameter of the sugar seed is found by 
multiplying the aerodynamic diameter by 0.745. 

Experimental Apparatus 17 



Later, after all measurements in the compressor had been completed, a TSI aerodynamic par

ticle sizer became available, and it became possible to use a second method to determine the particle 

size distribution. The aerodynamic particle sizer is capable of measuring particles from a little less 

than 0.4 /-Lm in diameter to 30 /-Lm in diameter. Measurements made with this device showed that, 

when seed was collected from room air which had become visually enriched with seed, the average 

particle size was 0.6 /-Lm, with no particles above 4 /-Lm in diameter and only 1 % of all particles 

above 2 /-Lm. This distribution was roughly similar to the electron microscopy results, but showed 

a much higher concentration of particles below 1 /-Lm. However, when seed was collected in the 

compressor near the measurement point, a different particle size distribution was obtained. As can 

be seen in Figure 7 on page 17, when seed was collected in the compressor, a small but significant 

number of particles were found to be in the 2 to 10 /Lm range. 11 % of the particles collected in the 

compressor were above 2 /Lm in diameter and 3 % of the particles were above 5 /-Lm. This indicated 

that not all the water was evaporating by the time the seed reached the measurement volume. This 

result was unexpected, since previous investigation had shown a water aerosol to ahnost totally 

evaporate in the time it took to reach the measurement volume, and analysis of the vector plots 

obtained using this seed did not show the kinds of deviations from the expected flow which would 

indicate the serious problems with particle lag expected for particles near 10 /-Lm. 

It is possible that the presence of sugar in the droplet greatly decreased the evaporation rate 

of the water, but that the large particles were not preferentially viewed by the signal processors as 

one might expect. It is also possible that the seed used in the test did have virtually all water evap

orated from the droplets, and thus had a different size distribution from that measured with the 

aerodynamic particle sizer. On the day in which the particle sizing was done, the weather was rather 

unusual, and the air in the lab was particularly humid. Although no humidity measurements were 

obtained, water was observed to be condensing on, and dripping from, certain water pipes in the 

lab -- a rare occurance. This may have affected the evaporation rate of the water. Clearly, more 

investigation is called for, but the aerodynamic particle sizer was available for one day only, and the 

opportunity has passed. 
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Chapter 3 

Discussion of Uncertainty 

The three-color three-component Laser Doppler Anemometer is a complicated instrument. 

As one might then expect, measurement errors can arise from many sources. In order to facilitate 

the analysis of these sources, they have here been divided into three categories: errors in individual 

particle velocity measurements due to hardware uncertainties, errors in average particle velocity 

measurements due to statistical biasing, and errors in fluid velocity measurements due to particle 

lag. 

3.1 Uncertainty in Velocity of a Single Particle 

Due to the limitations on optical access to the blade passage, none of the velocity components 

of interest are measured directly. Instead, particle transit times corresponding to three non

orthogonal velocity components, Vb! Vg and VVI are measured and then transformed into the axial, 

tangential and radial velocities. The transfer function between the measured particle transit times 
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and the x - t - r velocity components is a complex function of several angles including the angles 

between the six beams and the angles between the LDA and the compressor. Each of these angles 

has associated with it an uncertainty, and so will contribute to the overall uncertainty in a velocity 

measurement. The analysis of the velocity uncertainty as a function of the angular and time un

certainties is straightforward, but tedious, and so is banished to Appendix A. The analysis presented 

there also considers errors due to beam waist misalignment. Only the results will be presented here. 

The analysis shows that the uncertainty in a particle velocity measurement varies with the swirl 

of the flow, and thus with the position of the measurement. The uncertainties in the axial and 

tangential direction are roughly equal at 0.3 mls at the entrance to the blade passage where the flow 

has very little swirl, and 0.4 mls at the exit of the blade passage. These are both equal to 1 % of the 

total velocity. The uncertainty in the radial component is more sensitive to swirl angle and is 0.6 

mls at the entrance to the blade passage and 0.2 mls at the exit. The decrease in the uncertainty 

of Vr is due to the fact that the radial velocity is computed as the difference between contributions 

from the green and violet components. The two contributions are generally large compared to the 

radial velocity, therefore the uncertainty in Vr is large. As the flow approaches -450 
_. the angle of 

the table to the horizontal -- Vg and Vv become small, and so the uncertainty in the radial compo

nent decreases. 

The analysis shows that the errors in the measurement of the particle transit time contribute 

very little to the overall uncertainty in particle velocity. Therefore the uncertainties computed in this 

analysis are the result of systematic errors. 

Not considered in the analysis of Appendix A is the effect of signal~to-noise ratio on velocity 

uncertainty. Obviously, as signal-to-noise decreases, the uncertainty in the measurement will in

crease. Unfortunately, the effect is not easily quantified, so it will only be discussed in qualitative 

tenns here. The higher order statistical tenns, such as the variance and covariance, are significantly 

degraded in accuracy at lower noise levels than those which effect the mean. In this system, noise 

also has a greater influence on the violet channel than on the blue and the green, an effect caused 

by the low power of the violet beams compared to the other channels. This is especially apparent 

near the window. However, several techniques are used to minimize the effect of noise. The most 
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obvious of these is filtering of the signal. At each window location, the signal is observed on an 

oscilloscope, and bandpass futers are set accordingly. This can have a dramatic effect on noise. Also, 

in this system, the timer measures not just the time for eight fringe crossings, but the time for the 

fIrst five of the eight crossings as well. If the frequency of the fust five fringes is not within 2% of 

the frequency of the eight, the measurement is rejected. Thus a clean signal is more likely to be 

accepted than a noisy signal. 

3.2 Statistical Erl·ors 

Mclaughlin and Tiederman [9J rust pointed out that, in a turbulent flow, the sampling process 

in LDA measurements is biased towards the higher velocities. This is a consequence of the fact that 

the volume of fluid, and thus the number of particles, swept through the LDA measurement vol

ume in a given time is proportional to the quantity being measured, the velocity. Since the publi

cation of their paper in 1972, numerous papers have examined the problem, and several techniques 

to correct for the bias have been proposed and tested. So far, none has proven perfect. 

Fortunately, the effect is only noticeabe at high turbulence levels. At a turbulence of 10%, the 

bias is on the order of 1 %. Measurements made in this compressor show turbulence levels of below 

10% in most all locations, so biasing should be a small effect in this flow. There are certain small 

regions in which higher turbulence levels do exist, and they will be discusssed in the Results section. 

Durao and Whitelaw [1 OJ have proposed that random sampling of the data record from a 

counter would remove velocity bias by diminishing the weight of signals which appear with small 

time intervals between them. Experimental verification of this technique was provided by 

Stevenson, Thompson and Roesler [11]. They showed that if single velocity measurements are taken 

at time intervals much greater than the particle arrival rate, the velocity bias is diminished. In these 

measurements, the encoder window ensured that the sampling rate was much lower than the total 

data rate, and it is reasonable to assume that this had some diminishing effect on the velocity bias. 
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It should be pointed out that a method exists for eliminating the velocity bias in these types 

of measurements. In their original paper, McLaughlin and Tiederman proposed that, if the total 

velocity of the particle is known, a weighting factor of lover the velocity could be applied to each 

velocity measurement before averaging. In tins way, the increased probability of measuring a high 

velocity particle would be exactly canceled by the low weight given to such a measurement. Up 

until very recently, though, such a scheme has not been possible, since the total velocity vector was 

not measured. Various techniques to approximate this weighting factor scheme have been been 

proposed and tested, in general with good results. When all three components of a particle velocity 

are measured, however, no approximation need be made. This technique was not considered nec-

essary in this flow. 

Another statistical biasing effect in LDA measurements of turbulent flows is that of fringe, or 

angular, bias. This effect occurs because, as the direction of particle motion approaches a direction 

parallel to the fringes, the probability of the particle passing through the eight fringes required to 

make a measurement approaches zero. If there is significant turbulence in the flow, particles that 

travel closer to the direction of the fringes are less likely to be measured than those moving closer 

to a direction perpendicular to the fringes. 

Aside from reorienting the fringes, the way to minimize this effect is to shift the frequency of 

one of the two beams so that the fringes move at some velocity Vp. In this way the fringes move 

across the particle, as opposed to the particle moving through the fringes. From Petrie, Samimy and 

Addy, [12) the probability, p, of making a measurement on a particle traveling at an angle'" to the 

fringe normal is 

p 1 - [3.1] 

where Q is the ratio of the required number of fringe crossings to the total number of fringes, and 

V is the total velocity of the particle. For a three component system in coincidence mode, the 

probability of making a velocity measurement is the product of the probabilities for each of the 

three channels. 
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In practice, this equation is only an estimate of the probability of making a measurement, since 

an ellipsoidal measurement volume and 2-D flow were assumed in the derivation of this fonnula. 

In addition the total number of fringes is not a number that is sharply defIned, since the beams have 

no sharp edges but taper off in intensity away from the beam axis. Measurements may actually be 

possible where this theory says that they are not. 

For this system, the total number of fringes is approximately 13 for all colors, while 8 fringe 

crossings are required to make a measurement, giving Q a value of 0.615. In order to examine the 

effect of angular bias on the flow through the compressor, an "average" flow through the blades 

which is a function of axial position only is examined. The flow is assumed to have no swirl at the 

entrance to the blade passage, and emerges from the blade passage with a swirl of -410. The axial 

velocity is constant at 30.9 mls throughout. A more detailed description of this average flow is 

contained in Appendix B. Figure 8 on page 24 shows the probability of making a velocity meas

urement in this average flow as a function of swirl angle for varying frequency shifts. As can be seen 

from these fIgures, as the flow approaches large negative swirl angles _. that is, as the flow moves 

through the blade passage .- the probability of making a measurement on the green and violet 

channels drops to zero unless frequency shift is employed. This is because, with the table tilted at 

45° to the horizontal, the green and violet fringes are near parallel to flow with a -450 swirl angle. 

The primary effect of angular bias is to reduce the total achievable data rate. However, if the 

total probability of measurement curve is not flat in the vicinity of the velocity being measured, and 

turbulence is high, or velocity gradients are large across the window, certain velocities will be pref

erentially measured by a LDA. The error induced from angular bias is not easily quantified or 

corrected. Therefore, the use of an analysis such as the above is 1.) to recognize under what con

ditions velocity bias may be a problem so that proper shifting may be used to prevent such prob

lems, and 2.) to detennine if data already taken may be badly fringe biased. Just as for velocity bias, 

fringe bias becomes more serious as turbulence increases. 

One last statistical error that must be considered is the probability of having two particles 

traverse the measurement volume within the time of the coincidence window. If this probability is 

high, there is a chance that a single measurement could contain infonnation on more than one 

Discussion of Uncertainty 23 



1.0 

O. 

0 .. 

0.7 

"" :: OA 
J:i 
III 

0.6 ,CI e 
Q. 

0 •• 

0.:1 

0.2 

0.1 

0.0 
-40 

LO 

0'-

0.8 

0.7 

"" 0 .• :: 
'3 
III 0.6 e 

D- o .• 

0.:1 

0.2 

0.1 

0.0 
-40 

1.0 

0'-

o. 
0.7 

~ 0 •• 
'3 
III 

,CI- 0.8 e 
D-

O •• 

0.:1 

0.2 

0.1 

0.0 
-40 

-30 

-30 

-30 

b 

-20 

-20 
swirl (degrees) 

-10 o 

-10 o 

-10 o 

Figure 8. Effect of Angular Bias on Velocity Measurements in Compressor: Probabilities computed 
for the "average" flow as described in Appendix B. All channels shifted by 0 MHz in the 
top figure,S MHz in the middle figure and 10 MHz in the bottom figure. 
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particle. In theory, with a three-component system, information on three particles could be grouped 

as a single measurement, each channel having measured a different particle. If this is the case, in

formation on the correlation of the measured components is lost, and the accuracy of the meas

urements suffers. For these measurements, the coincidence window was set at 50 /lS, about the size 

of the encoder window. The transit time of a particle was on the order of 2 /lS. With the window 

thus set, there was a one in ten chance of two particles crossing the measurement volume within 

an encoder window. This large encoder window was considered to have no. effect on the measure

ments. Experiments with the LDA taking measurements in the compressor with various coinci

dence windows showed there to be no measurable difference in the covariance statistics for 

coincidence windows up to 100 /lS. Only when the coincidence window was made significantly 

larger than 100 /lS did the covariance statistics begin to change noticably. Apparently, the careful 

alignment of the laser had minimized the sensitivity of the measurements to the coincidence win

dow. 

3.3 Particle Lag 

Since a Laser Doppler Anemometer does not actually measure the velocity of the flow, but 

rather measures the velocity of particles suspended within the flow, no conclusions about the ve

locity of the fluid can be made until it is determined that the particles accurately follow the flow. 

In order to estimate the effect of particle lag on this flow, the motion of a particle traveling through 

a blade passage was numerically simulated. Since, at the time this simulation was performed, the 

detail of the flow through a blade passage was unknown, an "average" flow through the blade 

passage was assumed. This average flow is the same one assumed for the angular bias analysis 

above, and was derived from three-hole probe measurements taken before and after the rotor. It is 

detailed in Appendix B. 
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In the numerical simulation, the particle was assumed to have zero lag at the entrance to the 

blade passage, and the lag of the particle was tracked throughout. Particles from I 11m to 5 11m in 

diameter were simulated, and the particle velocity lag, angular lag and radial velocity lag at the end 

of the blade passage were plotted. These plots are shown in -- Figure id 'lagrslt' unknown -- in 

Appendix B. Also in Appendix B are the details of the numerical procedure. As expected, the 

analysis shows that particle lag increases rapidly with particle diameter. More importantly, though, 

the analysis shows that particle lag becomes significant -- velocity deviation of greater than 1 % and 

angular deviation of greater than 10 
-- as particle size exceeds 211m. 
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Chapter 4 

Measurements and Results 

4.1 General Discussioll 

Data were collected at seven axial locations: 13.46 m.m and 0.76 m.m before the leading edge, 

and 6.86, 12.95, 22.10, 30.99 and 37.34 m.m behind the leading edge of the rotor blades. These po

sitions correspond to ·43.4, -0.02, 22.1, 41.8,71.3,100.0 and 120.50/0 of the axial chord length. At 

each axial position, from 7 to 10 measurements were taken across the blade sweep. Each of these 

measurements occurred in a window of 1/20 of a blade sweep. The above series of measurements 

was repeated at 50.0, 62.5, 75.0 and 90.0% span. 

Geometric considerations prevented taking data at much less than 50% span, so measurements 

were not obtained near the hub. Signal-to-noise ratio considerations limited how close measure

ments could be made to the tip. As the measurement volume approached the window, the 

photomultiplier tube signal visibly deteriorated. Figure 9 on page 28 shows that, near the window, 

the signal decreases both in power and in regularity. The effect was especially noticeable in the violet 

signal. Internal reflections from the window, and the scattering of light from seed accumulating on 
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Figure 9. Comparison of Doppler Signals Near to and Far From the \Yindow: L'pper photo shows 
signal obtained 18 mm in from \vindow. The lower photo was taken at i.l mm from the 
window. Both traces are from the green channel. 
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the window combined to create a great deal of flare in this region. Frequent washing of the window 

helped to minimize the noise, but 7.1 mm was about the closest to the window that a measurable 

signal could be extracted from the violet channel. Measurable signals could be obtained in the blue 

and green channels as close as 5 nun from the window. 

It was noticed during the testing that a small amount of light from the blue beam penetrated 

the optical fliter for the violet photodetector. During normal operation, the amount of blue light 

which reached the violet PM tube was not significant. However, near the window, flare from the 

blue beams created noticable noise in the violet signal. In an attempt to eliminate this source of 

noise, a second optical fliter was placed on the violet PlYI tube. It was hoped that the decrease in 

noise from the blue flare would more than offset the 350/0 loss in violet light intensity at the 

photodetector. The result, however, was a lower data rate on the violet, and a noisier signal. The 

reason for this behavior is not entirely clear. It seems that the power in the violet signal is so low 

that, when the signal is reduced slightly in strength, the noise generated in the processing electronics 

becomes significant. Unfortunately, due to the lack of a power meter, the exact power of the violet 

beam is unknown. Thus, quantitative comparisons to the blue and green beams are not possible. 

The violet channel was consistently the most difficult to interpret of the three channels. The 

data rate in the violet was in general, from 5 to 8 times lower than either the blue or the green, and 

the violet channel was always the most sensitive to filtering. While the maximum data rate on the 

blue and green channels was about 500 per second, the violet channel rarely recorded above 100 

per second. Signals from the blue channel were usually of higher quality than those from the green, 

but not drastically so. What difference there was in the blue and green channels seems to be at

tributable to angular bias effects. When the flow was axial, and the angles between the flow and the 

green fringes and the flow and the blue fringes were approximately the same, the signals were about 

equal in quality. As the swirl became increasingly negative, the flow moved closer to being per

pendicular to the blue fringes and parallel to the green fringes, and the blue signal became superior 

to the green. 

\Vith careful attention to filtering and frequency shift, the quality of the data, as reflected in 

the velocity histograms, was equal in all three channels at most locations. Notable exceptions to this 
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Figure 10. Typical Velocity Histograms at the Center of the Blade Passage: From top to bottom are 
histograms from the violet. blue and green channels. Histograms obtained at 62.5% span, 
71.3% axial chord. The 2.6 mm wide window was centered 17/40 blade sweep above the 
suction surface. 
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norm will be discussed later in this section. Typical velocity histograms taken in the middle of the 

blade passage are shown in Figure 10 011 page 30. As can be seen from these histograms, the ve

locity distribution about the mean is equal for all three channels. The standard deviation for each 

of these velocity distributions is 1.8 m/s., while the total velocity at this location is 42.8 m/s. The 

standard deviation of the measured components is from 1.7 to 2.0 mls at most locations, inde-

pendent of either the total velocity or component velocity. Thus, since the relative velocity varies 

widely throughout the flow, the turbulent intensity varies widely throughout the flow as well. The 

absolute magnitude of the turbulent fluctuations, however, is relatively constant. Only near the 

blade surface, in the blade wake or near the window do the velocity fluctuations increase in mag-

nitude. 

Figure 11 on page 31 shows a set of velocity histograms taken in a window from 0.0 rom to 

2.6 mm above the blade surface at 62.50/0 span, 71.3 % axial chord. The total velocity at this lo

cation is 50.2 m/s. As will be shown later in these results, at this position, the boundary layer was 

rapidly thickening, apparently due to an adverse pressure gradient. This was one of the more tur-

bulent locations measured. Note that though the velocity histograms have broadened, the three 

channels are still of the same approximate quality. The standard deviation in the velocity at this 

location was 3.0 mls for the violet component, 3.3 mls for the blue, and 3.2 mls for the green. 

Since, given a distribution of n measurements with a standard deviation of 0', the standard 

deviation of the mean is given by 

[4.1J 

it is a simple matter to calculate the uncertainty in a mean measurement due to the turbulent 

broadening of the signal. For these measurements, n = 1024, so for a typical standard deviation of 

2.0 mls in a measured component, the standard deviation of the mean is 0.063 m/s. The uncer-

tainty for a confidence level of 95 % is twice the standard deviation, so the uncertainty in the mean 

of a measured component due to turbulent broadening is typically 0.13 m/s. For more turbulent 

locations, such as the position near the blade suction surface described above, the standard devi-
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ation of the measured components is higher, and so is the uncertainty in the mean. For a location 

where the variance in a measured component is 3.0 mis, the uncertainty in the mean due to tur

bulent broadening is 0.19 m/s. 

The effect of these uncertainties on the axial, tangential and radial velocity uncertainties varies 

with the magnitude of the blue, green and violet components. For example, near the entrance to 

the blade passage, where the flow is axial at 34 mis, all components are about 23 m/s. If it is as

sumed, for the purpose of estimating the uncertainty in velocity, that all measured components have 

a standard deviation of 3.0 mls at this location, it is found that turbulent broadening only increases 

the uncertainty in the axial, tangential and radial components by 100/0 over the figures quoted in 

Chapter 3. However, if the same variance of 3.0 mls is assumed on all components for a flow near 

the exit of the blade passage -- Vx = 38.0 mis, Vt = -25.0 mls and Vr = 0.0 mls or Vb = -44.6 

mis, Vg = 8.6 mls and Vv = 8.0 mls -- the effect of turbulent broadening is quite different. The 

uncertainty in the axial and tangential components is only slightly increased over the figures given 

in Chapter 3, while the uncertainty in the radial doubles. The radial component is more sensitive 

to turbulent broadening at this location because the radial velocity is a function only of the violet 

and green components, both of which become small as the swirl becomes more negative. Thus, for 

a given variance, the relative turbulent intensity in the violet and green components becomes large 

as the swirl becomes more negative. This doubling of the uncertainty in the radial component at 

the exit of the blade passage is not quite as serious as it flTst appears though, since the uncertainty 

in the radial component of velocity, as computed in Chapter 3, is much lower at the exit of the 

passage than at the entrance. 

When the uncertainty figures from Chapter 3 are modifed to take into account the effect of 

turbulent broadening, the uncertainty in the x - t - r components becomes as follows. The uncer

tainty in the axial and tangential velocities is 0.3 mls at the entrance to the blade passage and 

0.4 mls at the exit. For the radial velocity, the uncertainty is 0.6 mls at the entrance and 0.4 mls 

at the exit. 

It should be noted that the standard deviations of the velocity components mentioned above 

are not necessarily representative of the actual turbulence in the blade passages. The turbulence 
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levels measured here are probably in excess of the actual turbulence. TIlls occurs primarily for two 

reasons. First, the data collection scheme averages the velocity measurements over all blades. Thus 

normal blade·to-blade variations in velocity proftles cause an increase in the apparent turbulence. 

Second, the windows used are relatively broad. Thus when measurements are taken in regions of 

the flow which have a large gradient of velocity, the gradient of the mean velocity across the window 

contributes to the measured turbulence leveL For example, near the leading edge, the gradient in 

the mean component velocities across a window is on the order of 2 to 3 m/s. For a flow with zero 

turbulence and a gradient of 3 mis across the measurement window, a standard deviation, and thus 

a turbulence level, of 1 mls would be measured. 

4.2 The Presentation of the Measurements 

The velocity measurements, though made in the stationary frame of the laboratory, are pre

sented in the rotating frame of the rotor -- that is, the blade velocity has been subtracted from the 

total measured velocity for clarity of presentation. The velocity measurements in the relative frame 

of the blades are presented in two types of vector plots. The fIrst type of plot is simply a projection 

of the relative velocity vector on the x - t plane. Thus, these plots show the axial and relative 

tangential velocities. One plot is shown for each of the four spanwise locations. 

The second type of plot shows the relative secondary flow in the t - r plane as described in 
-" 

Moore and Moore [13]. The secondary flow is defmed as follows. First, a primary flow, VI is de-

fmed. The primary flow direction is constrained to lie in the x - t plane, and is set at an angle a to 

the horizontal given by 

[4.2J 

where 
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Figure 12. Defining the uSecondary" Flow: TIle total velocity is expressed as the sum of two vectors 
-- the primary flow, which is constrained to lie in the x - t plane at an angle specified the 
text. and the secondary flow t which is constrained to lie in the t - r plane. 
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u's is the angle of the blade suction side to the horizontal 

u.p is the angle of the blade pressure side to the horizontal 

hms is the height of the measurement point above the blade suction surface 

~s is the distance from the blade pressure surface to the blade suction surface. 

All variables have been defmed at the measurement span and chord locations. Thus, the direction 

of the primary flow varies linearly with distance between the pressure and suction surfaces . 
...... 

The secondary flow, V2, is constrained to lie in the t - r plane. With the primary and second-
- ...... 

ary flows thus constrained, there exists one and only one pair of vectors, VI and V21 which sum to 

a given relative velocity. This is illustrated in Figure 12 on page 35. 

The utility of plotting the secondary flow in this manner can only be appreciated by contem

plating the alternative of simply plotting the projection of the relative velocity vector on the t - r 

plane. Since the blade surface is at an angle to the horizontal, the relative velocity, even near the 

blade surface, will have a large tangential component. The projection of the relative velocity on the 

t - r plane will then give the illusion that flow is emerging from the blade surface. In addition, if 

the relative tangential component of velocity is large compared to the radial component, the radial 

velocity will be obscured. By plotting the secondary flow as described above, these complications 

are avoided. 

4.3 The Measurements 

The projections of the relative velocity vectors on the x - t plane are shown on the next several 

pages. Each vector represents the average flow in a window of 0.7SO in arc, or 1/20 of a blade sweep. 

The size of the encoder window is illustrated in Figure 13 on page 37. On these projections, the 
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uncertainty bands would appear very small -- smaller than the head on one of the vectors -- so they 

have not been plotted. 

From these figures it should be noted that measurements were obtained through almost the 

entire blade passage. There were only two regions in which data could not be obtained. First, there 

was a small volume below the pressure surface which was shadowed from view by the blades. This 

shadowed region has been sketched in Figure 13 on page 37. Second, no measurements could be 

made in the blade wake. The data rate in the wake dropped to zero, apparently due to lack of seed. 

It appears that the blades entrain a small amount of low energy fluid as they rotate. This makes it 

difficult to obtain data in the wake using localized seeding. Various positions were tried for the in

troduction of seed to the flow, but to no avail. 

For the 50.00/0, 62.5% and 75.0% span plots -- Figure 13, Figure 14 and Figure 15 -- the 

flow is well behaved. The flow accelerates over the suction surface, following the contour of the 

blade. Although the encoder window extended to the suction side surface, little or no velocity deficit 

is shown in the measurements just above the suction surface. Apparently, the encoder window is 

sufficiently large compared to the boundary layer thickness that number of measurements inside the 

boundary layer is small compared to the number of measurements in the free stream. Over the last 

half of the blade, the flow deviates from the blade contour, indicating a thickening of the suction 

side boundary layer. The wake does not follow at the trailing edge camber angle, but deviates to the 

suction side by approximately 12°. The accuracy of this last measurement is at best ± 2°, due to the 

difficulty in obtaining measurements in the wake and the difficulty in establishing a precise camber 

line. The camber line was determined graphically by plotting a curve which lies half way between 

the suction and pressure surfaces. 

The flow at 90% span, plotted in Figure 16 on page 40 is not quite as well behaved. Meas

urements in the blade passage were difficult to obtain at this span, especially near the blade suction 

surface where the turbulence was very high. At 220/0 and 420/0 axial chord, the combination of high 

turbulence and low signal-to-noise defeated all attempts to acquire data near the suction surface. 

In general, the variance of the measured components ahead of the blades and in the upper 2i3 of 

the blade passage was from 2 to 2.5 mis, only 10 to 250/0 greater than at span locations further from 
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Figure 17. Angular Bias Calculations At 90% Span, 100% Axial Chord: Calculations performed 
after the data were collected indicate a severe angular bias problem near the middle of the 
blade passage. All channels were shifled by 5 rvl Hz. Distance above the suction surface 
normalized by the blade suction side to blade suction side distance. 
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the tip. However:.. near the blade suction surface, the standard deviation of the velocity components 

was from 3 to 5 mls on all channels. This was a particualr problem in the violet and green channels, 

since the me~ for these components were small near the suction surface, on the order of 5 to 10 

m/s. For the blue channel, the velocity was on the order of 40 to 50 mls near the suction side, and 

the high variance in velocity was not as much of a problem. 

Also contributing to the difficulties in making measurements at 900/0 span was the fact that the 

measurement sweep at the trailing edge was inadvertently taken under conditions which produced 

a severe angular bias problem. At the 100% axial chord location, all channels were shifted by 5 

l'vIHz. It was noticed that near the middle of the passage, the data rate was very low and the quality 

of the histograms was poor in the violet and green channels. Later angular bias calculations, plotted 

in Figure 17 on page 42, show that the probability of making measurements on the violet or green 

channel at those locations with 5 MHz of shift is zero. The plot in Figure 17 was obtained by in

serting the measured mean velocities into an angular bias analysis as described in Chapter 3. These 

particular measurements should be regarded with suspicion. 

A higher frequency shift was not used at these locations because, with the electronic fIlters on 

the signal processor, as the shift is increased, the fIlters must be set more broadly. Thus, in noisy 

locations, increasing the frequency shift can degrade the processed signal. At some locations, the 

proper mix of frequency shift and filtering can be elusive. 

Even with these problems in measurement, some interesting behavior is revealed by the plots. 

At 90% span the flow near the trailing edge is seen to deviate greatly from the suction surface, and 

the wake has increased both in thickness and in deviation from the trailing edge camber angle. The 

wake is seen to deviate from the camber line by approximately 150 

The secondary velocities are shown in Figures 18 through 22. Again, the uncertainty bars 

would be small -- just a little smaller than the head of a vector -- so they have not been plotted. 

Secondary velocity plots at -43 % axial chord and 00/0 axial chord are not shown due to difficulties 

in estalishing a primary direction at these positions. The plotted fIgures show that, in general, the 

flow is moving radially out, and that there is a gradient of the radial flow from suction to pressure 

side. The radial velocity is near zero for all plots near the pressure side. From Figure 18 on page 
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Figure t 8. Secondary Flow At 220/0 Axial Chord 
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Figure 19. Secondary Flow At 420/. Axial Chord 
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Figure 20. Secondary Flow At 71 % Axial Chord 
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Figure 21. Secondary Flow At 100% Axial Chord 
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Figure 22. Secondary Flow At 120% Axial Chord: Vectors are plotted in an imaginary flow passage 
which extends from the trailing edge of the blade at the trailing edge camber angle. 
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44 and Figure 1 ~ on page 45 it is seen that, at least up to 42% axial chord, the flow follows closely 

to the blade suction surface. Figure 20 on page 46 shows the rapid thickening of the suction side 

boundary layer. In Figure 22 on page 48, which is plotted as if the blade passage extended back 

from the trailing edge at the trailing edge camber angle, the deviation of the wake from the trailing 

edge camber line is clearly indicated. 

At all these locations, though, the data at 900/0 span can best be described as inconsistent. As 

was mentioned above, the turbulence was high and the signal-to-noise ratio was low at these 10-

cations, and the radial component suffers. The behavior of the radial component seems to improve 

at and beyond the trailing edge. This leads to the conclusion that the greater problem with the 

measurements in the blade passage is turbulence, since the signal to noise ratio is similar at all axial 

locations. The acquisition of larger groups of data at these locations should then help resolve the 

radial flow. This needs to be investigated further. 

The gradient of the radial velocity across the blade passage is explained by elementary sec

ondary flow theory. From Dring, Joslyn and Hardin [14], flow that is irrotational in the absolute 

frame will have a relative vorticity of 2 x n in the rotating frame, outside of the regions influenced 

by viscosity. This relative vorticity results in the following phenomena: a gradient of radial velocity 

across the blade passage, or a gradient of the the product, rVo ' across the blade span. This is easily 

seen from examining the equation for irrotational flow 

Vx V = 0 

When this equation is expanded, it follows that 

1 fj --(rVe) 
r or 

If the flow is a free vortex then, by defInition 

Inserting Equation 4.5 into Equation 4.4 gives 
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aVr 

ae = 0 [4.6] 

and, for free vortex flow, there is no gradient in the radial. velocity across the blade sweep. However, 

when there are departures from free vortex flow, a gradient of radial. velocity must exist from suction 

to pressure surface. 

The flow in this compressor is not a free vortex. In Figure 23 on page 51 the measured 

tangential velocity is compared with the tangential. velocity distribution which would be necessary 

for free vortex flow. Ignoring the measurement at 90% span, where the flow has been affected by 

viscosity, it can be seen that the actual flow does not even approximate a free vortex. This plot can 

be used to get an approximation of the gradient of radial. velocity however. The measurements can 

be numerically differentiated so that the frrst term in Equation 4.4 is approximated. The gradient 

of radial velocity then follows. \Vhen this is done, it is found that 

fJVr 

Je = -17.5 mls 
rad 

[4.7J 

To see how closely the measurements agree with Equation 4.4, the measured radial velocity 

is numerically differentiated at 62.50/0 span and 21/40 blade sweep above the blade suction surface. 

When this is done, it is found that 

= -18.0 mls 
rad 

[4.8J 

The resUlts of the two numerical differentiations are in good agreement. Thus the gradient of 

the radial. velocity across the flow is explained. 

The mean outward radial. flow is not accounted for by this theory, however. To explain the 

average radial. component of the measurements, one must examine the pitot measurements made 

in the compressor. These measurements were detailed in the Experimental Apparatus section and 

are plotted in Figure 4 on page 9. As was noted in that section, the three hole probe measurements 

indicate a movement of flow radially outward through the blade passage based on continuity con-
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Figure 23. Comparison of Compressor Flow to Free Vortex Flow: Measurements taken at 42% axial 
chord. 21/40 blade sweep above the suction surface. 
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siderations. The .average radial velocity due to this outward movement of fluid can be found in the 

following way. The fraction of the flow through an annulus extending from the hub to a radius, 

R, can be estimated from the pitot data by numerically integrating the axial velocity from the hub 

to R. This integration is fIrst performed on the data measured before the rotor. The fraction of the 

flow through this annulus is then set equal to a similar integral performed on the data measured 

after the rotor. In this way, the displacement of the flow in the radial direction is found. Since the 

distance between the two measurement locations is known, the angle of the flow with the x - t 

plane is then known. MUltiplying the average axial velocity by the tangent of this angle then gives 

an average radial velocity between the two locations. 

Using this method, the average radial velocity at 630/0 span is found to be 3.2 m/s. The LDA 

measurements found the radial velocity at 62.5% span, 42% axial chord, mid passage to be 3.2 

mls as well. The exact match of these two numbers is obviously coincidental, since calculating the 

radial velocity at the middle of the blade passage from stationary pitot traverses before and after the 

rotor is the grossest of approximations. However, the analysis does show that the average radial 

flow, as measured by the LDA, is consistent with that predicted from pitot probe data. 

Thus the radial flow structure inside the blade passage has been shown to be the result of two 

processes. First, due to the deviation of the flow from that of a free vortex, a gradient of radial ve

locity from suction to pressure surface is induced. Second, a non-uniform distribution of work over 

the blade span causes a global radial flow outward. The sum of these two processes accounts for 

the radial velocity distribution in the regions of the flow not influenced by viscous effects. 
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Chapter 5 

Conclusions and Recommendations 

The primary reason for this research was to examine the suitability of a three-color, three

component Laser Doppler Anemometer for measuring the total velocity vector inside 

turbo machinery blade passages. These measurements have shown that, with careful alignment, close 

attention to filtering and an awareness of the effects of fringe bias, it is possible to obtain all three 

components of velocity simultaneously with this system with high accuracy. No unusual problems 

were found in making measurements near a blade surface or window. This research has shown that, 

using this technique, details of the secondary flow inside turbo machines which were previously 

unmeasurable can now be examined. 

The research has revealed indications that the humidity of the flow air can have a significant 

effect on the quality of seed generated using an evaporating aerosol. More research is needed to 

verify this conclusion, but it is recommended that evaporatively generated seed be used with caution 

in conditions of high humidity. 

These measurements were obtained as an average across all blades, with relatively large en

coder windows employed. The ultimate use of this system, however I is to examine in detail the flow 
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inside individual blade passages. This research has revealed limitations of the system which need to 

be resolved before such detailed measurements are considered. 

The primary limitation of this system is the low data rate of the violet channel. Since, for de

tailed total-vector velocity measurements using non-orthogonal measurement components, it is 

highly advantageous to use the coincidence mode of data collection, the low violet data rate limits 

the entire system. For the data collection scheme used for these measurements -- averaging over all 

24 blade passages with an encoder window of 1/20 of a blade sweep in width -- the data rate on the 

violet channel was typically 60 per second. At these same conditions, the data rate on the blue and 

green channels was typically 200 to 300 per second. If a single blade passage were to be examined 

using the same size window, the data rate would drop to about 2 per second on the violet. Smaller 

encoder windows would result in yet a lower data rate. With these low data rates, the time to collect 

data is prohibitive. Therefore, the violet channel needs to be improved. 

The data rate problems in the violet channel apparently are caused by poor signal-to-noise 

ratio, which is the direct result of low power in the violet beams. There are several ways in which 

this problem can be minimized or eliminated. They will be examined here in order of increasing 

complexity. 

Perhaps the simplest solution, at least conceptually, is to introduce a greater amount of seed 

to the flow. Since, in this application, there was only a 2 in 10,000 chance of two particles being in 

the measurement volume at one time, a significant increase in particle density should not degrade 

the signal quality. According to Strazisar [7] commercially available seeders are capable of generating 

up to lOll particles per minute. This is significantly greater than the 108 particles per minute gen

erated by the seeder used for these tests. The use of higher output seeders, however, would not 

minimize the significant difference in signal-to-noise ratio between the violet and the other two 

channels. Thus, high noise regions, such as near the window, hub or blade surface, would still 

present problems. 

U sing the alternate method of data collection, as described in Chapter 1, of taking data at all 

blade positions at one time and then later sorting the data by position can greatly reduce the time 

needed to take measurements. However, this method is not entirely practical with the violet 
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signal-to-noise b~ing as low as it is. The quality of the data in the violet channel is hlghly sensitive 

to the filtering and frequency shift employed. If large velocity gradients exist across the blade pas

sage, ftlters must be set broadly, and the optimum frequency shift used is a compromise. Thus the 

quality of the data in the violet channel would suffer in such an application. 

Careful attention to the iVEe scattering pattern might reveal better geometries for collecting the 

violet signal. No Mie scattering calculations were carried out for these experiments, so it is unknown 

what effect this had on the quality of the signal. 

Another fairly simple solution is to orient the violet fringes so that they are at the most ad

vantageous position to measure a particle. As the flow in this compressor moves through the blade 

passage, it becomes very close to being parallel to the violet fringes. Due to angular bias consider

ations, this causes a low probability of making a measurement on a particle in the violet channel. 

The probability of making a measurement on a particle with the blue channel, though, is always 

high, since as the flow attains swirl, the particle path approaches a normal to the fringes. If the 

positions of the three beams were rearranged -- with the violet measuring the component that the 

blue is now measuring, and either the green or the blue set to measure the component now meas

ured by the violet -- the violet signal would improve, and the data rate would increase. The signal 

of the color replacing the violet would, of course, suffer, but the power in both the blue and green 

beams is high, and the effect would not be as serious as for the violet. In this way, the weakest color 

would be placed in the most advantageous position while the strongest color would be placed where 

the most power is needed, and the signals from the three channels would become more equal. 

One of the most promising techniques for improving the violet data rate is to use a new, and 

novel, type -of signal processor, the Burst Spectrum Analyzer (BSA), described by Arik and 

Buchhave [15]. This processor, now commercially available, performs a FFT analysis on each burst. 

This in .itself is not a new idea. The real novelty of this processor is its ability to perform the 

transforms in real time. The processor is capable of measuring the Doppler frequency to 0.1 % at 

a mean data rate of 78 kHz. The advantage of this processor is that a FFT analysis of the frequency 

is much less sensitive to noise than a counter type frequency measurement. Arik and Buchhave 

report that the BSA is capable of making measurements down to a signal-to-noise ratio of ·6 dB, 
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a full 15 dB lowe.r than counter type processors. Use of the BSA should significantly improve the 

data from the violet channeL 

Finally t tne last method of improving the signal in the third component is to increase the 

power of the beams. This can be accomplished in several ways. Primary among them is to use a 

second argon-ion laser tuned to the violet. In tuning the etalon to achieve single line mode opera

tion in all three colors, a significant loss in power occurs. The laser used here was rated at 8 watts 

output, yet achieved only 1.5 watts when tuned to the blue, green and violet. Two separate lasers, 

one tuned to the green and blue colors and one tuned solely to the violet, would provide more 

power in all channels. Alternately, power could be increased by removing the etalon completely. 

The disadvantage of doing this is that the output is then at multiple lines for each color, and the 

beams oscillate in intensity at the laser cavity frequency. For this laser, the cavity frequency is 150 

MHz, and the beat frequency could easily be fIltered from the 5 to 15 MHz signals obtained in these 

measurements. However, for high velocity flows, the beat frequency could be a problem. Another 

method of increasing the power of the third component ignores the violet color entirely. The green 

beam is split into three beams, all directed down what is now the blue/green optical axis. Frequency 

separation is used so that the three green beams measure the two components now measured by 

the blue and green. The blue beams then take the position which the violet beams now occupy. In 

this way, the laser can be tuned to only the blue and green colors, which results in an increase in 

output. The most powerful of the two colors, the green, then measures the fITst two components, 

while the blue measures the third. 

A combination of switching the position of the three colors to minimize the disadvantage of 

low violet power and the use of Burst Spectrum Analyzers to decrease the sensitivity to signal-to

noise problems is probably the best solution to the limitations of this system. If these two changes 

are implemented, it should be possible to make three dimensional flow measurements both with 

high accuracy and high data rate in most turbo machinery applications. The only limitation of this 

system relative to current 2-D systems would then be the geometric problem of getting the six pairs 

of beams into highly curved blade passages. Smaller angles between the two optical axes, and/or 
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various orientatio_ns of the system relative to the turbo machine could be employed so that meas

urements could be made in even these applications. 

The future is promising. 
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Appendix A 

Uncertainty Analysis 

A.I Measured Componellts 

If a quantity y is computed as a function of n variables (Xl! X2! x3 ... xn), each of which has an 

uncertainty Wi which is small relative to Xi' then, from Taylor [15] the uncertainty in y, Wy , can be 

computed in terms of the above quantities with the following equation. 

[A.I] 

Applying this equation to the uncertainty in the measured velocity for a single component 

LDA is straightforward. For the geometry as shown in Figure 24 on page 59, the velocity, V, is 

computed from the equation 

V = 
2 sin {J 

[A.2] 
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in which 

,.{ is the wavelength of the laser light 

f is the measured frequency of the Doppler signal 

fJ is the half angle between the beams as shown in the figure. 

It then follows that the uncertainty in V is 

Wv 
V = [A.3] 

The uncertainty in the wavelength, w,!, is essentially zero, so the fIrst term in equation number 

A.3 can be ignored. 

The uncertainty in the frequency comes from several sources: the quantization error caused 

by the clock having fmite tics, the quantization error caused by the hardware being limited to a 12 

bit mantissa in the clock count, the uncertainty in the clock accuracy, and the uncertainty in the 

frequency shift. For a 15 MHz signal, a burst of eight fringes lasts 530 ns and an uncertainty of one 

1 ns clock tick is equal to 0.20/0. The 12 bit mantissa of the counter allows up to 4096 clock counts 

so, at least for this theoretical 15 MHz burst, the 12 bit limitation does not add to the measurement 

uncertainty. A precisely known 10 MHz signal was fed into the counter so that the accuracy of the 

clock could be determined. No error could be detected in the counter output other than that which 

would be expected from bit truncation error. The three frequency shift units were all tested and 

found to be accurate within 0.0040/0. Thus the uncertainty in the frequency is essentially only due 

to the clock quantization error, and is 0.2%. 

The angle p is 2° 54' ± 2', which gives the last term in equation A.3 a value of 1.15%. The 

uncertainty in V from equation A.3 is then 1.160/0. 
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Implicit in e_quation A.2, however, is the assumption that the beam waist is coincident with 

the probe volume. For these measurements, this was not the case, and the uncertainty in a meas-

ured velocity component due to the uncertainty in the beam waist location needs to be considered. 

If the beam waist is non-coincident with the measurement volume, the fringe spacing will be 

greater than calculated, and the measured velocity will be low. From Young, Meyers and Hepner 

[17] the error due to the beam waist misalignment is given by 

twaist = - 1 [AA] 

1 + .l.1z 
( )

2 

1td~aist 

where 

~z is the distance from the beam waist to the measurement volume and 

dwaist is the diameter of the beam waist. 

The beam waist was found to be 4 ± 0.5 mm behind the measurement volume for these 

measurements, and so contributed an error of -1.30/0 to all velocitiy measurements. Since this error 

is quantified, it has been corrected for in all calculations. This still leaves an uncertainty of 0.3 % in 

velocity due to the uncertainty in the location of the beam waist. 

\Vhen this velocity uncertainty due to uncertainty in ~z is added to the velocity uncertainty 

obtained from equation A.3 in a square root of the sum of the squares fashion, the total uncertainty 

in a measured velocity component is then 1.20%. It should be noted that this uncertainty is almost 

totally a result of the uncertainty in f3 and ~z. The uncertainty in the value of a measured compo-

nent is then a systematic error which cannot be decreased by increasing the number of measure-

ments. 
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A.2 Laboratory Coordillates 

\Vith the uncertainty in each of the measured velocity components now established, the 

problem is to fInd the uncertainty in the measured velocity in the (x,t,r) laboratory coordinates. 

There are three measured velocity components -- Vb' Vg , and Vy -- which correspond to the 

three colors .• blue, green and violet -- of the LDA system. The green and violet beams measure 

velocity components parallel to the plane of the optical table while the blue beams measure a ve

locity component perpendicular to the plane of the optical table. The green and violet components 

of velocity are separated by an angle 0 vg' The optical table is tilted at an angle OT of approximately 

45 0 to the compressor axis, corresponding to the stagger of the compressor blades, in order to 

maximize optical access to the blade passage. 

The relation between the non-orthogonal measured coordinate system and the orthogonal 

laboratory coordinate system is shown in Figure 25 on page 63. It should be noted that in this 

figure and in the following analysis the (b,g,v) coordinate shown is slightly different from that which 

was actually measured. For the actual measurements, the origin of the (b,g,v) system is offset 6.5 

mm below the x - r plane. The actual calculations did take into account this offset, but its effect 

is small and it complicates the uncertainty analysis. 

It can be shown that, assuming that the offset is zero, the velocities in the lab coordinates can 

be expressed in terms of the measured quantities with the following vector equation. 

sin Oyg 

- sin 0rsin Ovg cos Brsin Bv - cos 0rsin Og 

[ ;,1 cos Or sin evg sin 0rsin Bv - sin 0rsin Bg 

0 cos Bv - cos Bg 

[A.5] [~l = 

In the following error analysis of equation A.5, 0 vg will be treated as being independent of the 

angles Bv and Og so that the uncertainty equations will be simplified. This simplification slightly in

creases the estimate of uncertainty. The measured values for each of the angles in equation number 

A.5 and the uncertainties in each of these angles are summarized in the following table. The angles 
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were measured with the aid of an optical protractor accurate to 1 minute of arc. Differences in un

certainties are due to difficulties in establishing reference directions. 

Angle Value Uncertainty 

8v 25° 58' ±4' 

8g -130 20' ±4' 

Bvg 39° 18' ±4' 

8T 45° 25' ± 10' 

Table 1. Measured Angles and Uncertainties 

Applying equation number A.1 to the vector equation A.S then results in the following 

equations for the uncertainty in each of the components 

[ 
. B ]2 sm T.. 2 +. (VgsmBv - VysmBg) + Vb cos BT WeT 

sm8yg 
[A.6] 

2 [ ] 
cos 8 T 2 2 2 2 1 . . 2 2 + . 2 Vg cos By + Vy cos Bg + 2 (Vg sm 8y - Vv sm Bg) We 
sm Byg tan Bvg 

2 [2 2 sin lBT 2. 2 2 . 2 ]( WV)2 
WVt = Vb cos 8T + . 2 (Vg sm By + Vy sm Bg) V 

sm Bvg 

[
COS B TV' . V . 8 ]2 2 +. ( g sm B v - Vy sm B g) - b sm T W()T 
smByg 

[A.?] 
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[A.8] 

where the uncertainties in e VI e g' and e vg have all been assumed to be equal and have been replaced 

by we. 

The one strong effect on the uncertainties that emerges from the above equations is that of 

Bvg on wVr' It is apparent from equation A.8 that the uncertainty in the radial component of ve

locity is inversely proportional to the sine of the angle between the two optical axes. The magni-

tude of this angle has little effect on the uncertainties in the other directions. It is therefore desirable 

to make the angle between the two non-orthogonal components as large as possible. The effect of 

e vg on the velocity uncertainties for the case of e g = -8 v is illustrated in Figure 26 on page 66. 

Similar results were obtained by Orloff and Snyder [51 for a two color LDA with non-orthogonal 

components. 

Also shown, in Figure 27 on page 67, is the effect of the green and violet components being 

non-symmetric about the x - t plane. In tills figure, Bvg is held constant at 40° while 8 v is varied 

from 0° to 40° I and the uncertainties in the velocity components are calculated for a purely axial 

flow. The uncertainty in the radial component of velocity is at a maximum when the green and 

violet directions are symmetric about the x - t plane. This is easily explained when one realizes that 

this also means that the uncertainty in the radial component becomes less as the direction of any 

one of the measured components approaches the radial direction. This was one of the reasons that 

e v was not set equal to -B g • 

Inserting the angles and uncertainties listed in Table 1 on page 64 into the above equations 

yields: 
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For a purel):.' axial velocity of 34 mis, representative of conditions upstream of the blades 

WVx -= 0.26 mls 

wVt = 0.28 m/s 

wVr = 0.56 m/s 

For a velocity of 38 mls in the axial direction and -25 mls in the tangential direction, repre

sentative of flow downstream of the blades 

WVx = 0.39 m/s 

WV
t 

= 0040 m/s 

WVr = 0.21 m/s 

This variation of the velocity uncertainties as the swirl of the flow changes is illustrated in 

Figure 28 on page 69. The figure shows that the uncertainty in the radial velocity varies strongly 

with swirL This behavior is a result of the fact that when the swirl is far from -450 
I Vv and Vg are 

large, and Vr is computed from the difference of two large numbers. Thus, the uncertainty in Vr is 

large. When the swirl is near -450
, Vr is computed from the difference of two small numbers, and 

the uncertainty is small. It is important, though, that these results be kept in context. It is in just 

this region of -450 of swirl that angular bias poses the greatest problem. 

Again, it must be noted that the uncertainties calculated in this appendix are almost totally 

the result of systematic errors and will not be reduced by averaging techniques. 
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Figure 28. Variation of Velocity Uncertainties with Flow Swirl: All uncertainties normalized by the 
total velocity. 
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Appendix B 

Particle Lag 

It is important to keep in mind that a Laser Doppler Anemometer does not measure the ve-

10 city of a fluid, but rather the velocity of particles suspended within the fluid. Until it is known 

that the particles within the fluid follow the flow with some fidelitYt any LDA measurements are 

meaningless. For this reason, an estimate of the particle lag must be calculated. 

For a small spherical particle suspended within a fluid, the acceleration of the particle -- neg-

lecting body forces -- is expressed by: 

3 CD 
dt = 4dPp IU-VI(U-V) [B.I] 

where 

...... 
V is the velocity of the particle 

...... 

U is the velocity of the fluid 

CD is the coefficient of drag for the particle 
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P p is the dellsity of the particle 

P g is the density of the fluid (gas) 

For the case of a particle moving through an axial compressor, it is useful to derme a local 

coordinate system for the particle referenced to the compressor axis. In this (x,t,r) coordinate sys-

tern, the x direction is dermed as being parallel to the compressor axis and in the direction of the 

flow. The r direction is directed radially outward from the compressor axis, and the t direction is 

the binormal to these two directions, with a sense opposite the rotation of the blades. In this local 

coordinate system, the velocity of the particle is 

[B.2J 

If the particle is at a distance r from the compressor axis then differentiating equation B.2 gives 

the acceleration of the particle: 

dV 
dt 

= dVx -:- ( dVt Vt V, ) -:- (dV, _ V;) T dt Ix + dt + -r- It + dt r' 

~ ~ ~ ~ 

[B.3J 

where the extra terms in the it and ir directions enter due to the rotation of it and ir with changing 

particle position. 

Inserting equation B.3 into equation B.l and separating terms yields 

3 p.......... 
2.IU-VI(U -V) 4 d Pp x x 

[B.4J 

dVt l.. CD ~ I U - V I (U - V) 
VtVr = 

dt 4 d Pp t t r [B.S] 

dVr l.. CD ~ ! U - V I (U - V) 
V2 

= t 

dt 4 d Pp r r r [B.6] 

Particle Lag 71 



In the abov~ equations, the coefficient of drag has yet to be defIned. White [18] suggests that, 

for a creeping flow about a spherical particle, the drag on the particle can be approximated by the 

following equation: 

24 + 
Re 

6 

1+~ 
+ 0.4 [R.?] 

This equation reduces to the Stokes drag formula at Reynolds numbers near or below 1 while 

correcting the formula for larger Reynolds numbers. \Vhite quotes the accuracy of equation B.? 

as ± 10% for Reynolds numbers from 0 to 2 X 105, 

If the velocity field in the compressor is known, the above equations can be numerically inte-

grated to frnd the particle lag. For the purposes of this particallag analysis, an "average" flow ve

locity proflle was utilized that was a function only of axial position. The flow was assumed to have 

no radial component, and was assumed to have a uniform gradient from the leading edge to the 

trailing edge of the blade. The velocities at the inlet and exit of the blade passage were taken as the 

average velocities as measured with a three hole pitot probe. The velocity profile is summerized in 

the table below. 

Axial Tangential 

Inlet Velocity (m/s) 30.9 0.0 

Exit Velocity (m/s) 30.9 -26.8 

Table 2. Velocity Profile for ParticJe Lag Analysis 

The numerical integration was carried out with Pp = 1.8 glee and Pg = 0.00108 glee. 

The results of the lag analysis are shown in Figure 29. As can be seen in the figure, particle 

lag increases rapidly with particle diameter. Particle lag becomes significant -- velocity deviation 

of greater than 1 % and angular deviation of greater than 10 
-- as particle size exceeds 2 ,urn. 
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Figure 29. Results of Particle Lag Analysis: All results are at the end of a theoretical "mean" flow 
through a blade passage. The analysis assumed the fluid to have zero radial velocity. 
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