AD=A097 040

UNCLASSIFIED

PURDUE UNIV LAFAYETTE IND SCHOOL OF MECHANICAL ENGI=-=ETC F/6 14/2

INVESTIGATION OF BIAS ERRORS IN LASER DOPPLER VELOCIMETER MEASU==ETC(U)

DEC 80 T C ROESLERr W H STEVENSON F33615=77=C=-2010
AFWAL=TR-80-2105




-p)

DA%

s Y A L et ¢

AFWAL-TR-80~2105 "

INVESTIGATION OF BIAS ERRORS IN LASER
DOPPLER VELOCIMETER MEASUREMENTS

DTIC
EILECTE

W.H. STEVENSON T’T
H. DOYLE THOMPSON R

E

SCHOOL OF MECHANICAL ENGINEERING

PURDUE UNIVERSITY
WEST LAFAYETTE, INDIANA 47907

DECEMBER 1980

TECHNICAL REPORT AFWAL-TR-80-2105
Interim Technical report for period June 1978 - July 1980

Approved for public release; distribution unlimited.

AERO PROPULSION LABORATORY

AIR FORCE WRIGHT AERONAUTICAL LABORATORIES
AIR FORCE SYSTEMS COMMAND

WRIGHT-PATTERSON AIR FORCE BASE, OHIO 45433

N 81 8 30 072i

T "

e b i b e ae




NOTICE

When Government drawings, specifications, or other data are used for

any purpose other than in connection with a definitely related Government
procurement operation, the United States Government thereby incurs no
responsibility nor any obligation whatsoever; and the fact that the government
may have formulated, furnished, or in any way supplied the said drawings,
specifications, or other data, is not to be regarded by implication or
otherwise as in any manner licensing the holder or any other person or
corporation, or conveying any rights or permission to manufacture,use, or

sell any patented invention that may in any way be related thereto.

This report has been reviewed by the Office of Public Affairs {ASD/PA) and
is releasable to the National Technical Information Service (NTIS). At NTIS,
it will be available to the general public, including foreign nations.

This technical report has been reviewed and is approved for publication.

’é%‘c/qu Zel DY,

Frank D. Stull, Chief
Project Engineer Ramjet Technology Branch
Ramjet Engine Division

FOR THE COMMANDER

Etvroron I Coarromn

E.T. Curran, Deputy Director
Ramjet Engine Division

"If your address has changed, if you wish to be removed from our mailing list,
or if the addressee is no longer employed by your organization please notify
AFWAL/PORT Attn: Roger Craig W-PAFB, OH 45433 to help us maintain a current
mailing Tist".

Copies of this report should not be returned unless return is required by security
considerations, contractual obligations, or notice on a specific document.

AIR FORCE/56780/10 March 1981 —100




SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

\/ijasronrnocuusnrxnoupAcE

READ INSTRUCTIONS
BEFORE COMPLETING FORM

_REPORT NUMBER_

AFWALETR- 8 21 5 :

AD-ADI709H 7.

13, RECIPIENT'S CATALOG NUMBER

Invest1gat10n of Bias Errors in Laser Dopp1er’
Velocimeter Measurements,

W s v

. Jun
6.

78 - Jul

5. TYPE OF REP &P VERED_
“Interim Technical Repgwt, |

T 7. AUTHOR(a)
\

J Timothy C./Roesler,
/ H. Doy]elThompson

I’H /Stevenson/ and /5

-~y

8. CONTRACT Oﬂ GRANT NUMBER(s)
P

Y F33615-77-C- 210/

- -..._._.__.4

9. PERFORMING ORGANIZATION NAME AND ADDRESS

10. PRO%RAM ELEMENT. PROJECT. TASK

per N

School of Mechanical Engineering o REA & WORKTUNIT NUMBERS
Purdue University / o ) el
West Lafayette, IN 47907 . 6) 2385102 \»’j <L |
1. CONTROLLING OFFICE NAME AND ADDRESS 12, RE‘EQ_BI“D_ATE ———
Aero Propulsion Laboratory (AFWAL/PORT) Al q Dec"SOJ
Air Force Wright Aeronautical Laboratories (AFSC) umM
rﬁg;aht—Eatierson Air Farce Base, Ohino 45433 78
4. MONITORING AGENCY NAME & ADDRESS(if dilferent from Controlling Office) 18. SECURITY CL ASS. (of this report)
SRR UNCLASSIFTED

18a. DECL ASSIFICATION/DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimi

ted.

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, If difterent from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverae side Il necessary and (dentily by block number)

Turbulence measurements
Laser velocimeter
Bias errors (in laser velocimetry)

\

N

P
0 AWXCT 7Continue on reverse side i1 necessary and identify by block number)

investigated. By using a signal processing techni
samples to be taken eithe: randomly or at equal ti

correction of !icLaughlin and Tiederman was investi

The problem of velocity bias in laser Doppler Velocimeter (LDV) measure-
ments made with counter type (burst) signal processors in turbulent flows was

of the velocity bias was directly measured under various flow conditions.
Using this technique, the validity of the one-dimensional velocity weighting

que which allowed velocity
me intervals, the magnitude

gated and found to be usefuly

EDITION OF 1 NOV 68 13 OBSOLETE
S/N 0102-014- 6601

DD FOoRM
1 JAN T

1473

SECURITY CLASSIFICATION OF TNIS PAGE (When Dote f;uru)




LLURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

|
* only at turbulence intensities below about 20 percent. !

Incomplete signal bias was also investiqgated and found to cause serious
errors in unshifted LDV measurements. However, this bias may be virtually
eliminated by frequency shifting.

N

‘/\

SECURITY CLASSIFICATION OF THIS PAGE(Whon Data Entered)




PREFACE

This interim report was submitted by the School of Mechanical Engineering
of Purdue University, under Contract No. F33615-77-C-2010 and covers the
period 1 June 1978 - 31 July 1980. The effort was sponsored by the Aerc
Propulsion Laboratory, Air Force Wright Aeronautical Laboratories, Wright-
Patterson AFB, Ohio under Project No. 2308 with Roger R. Craig/AFWAL/PORT as
Project Engineer. Warren H. Stevenson and H. Doyle Thompson of Purdue
University were technically responsible for the work.

Accession For

NTIS GRAZI S

DTIC TAB

Unannounced 0

J’ustifica;cion______m_______1
—_— T

By

Distributiony

Availability Codes

jAvail and/or
Dist Special

|




TABLE OF CONTENTS

Page
I, INTRODUCTION ivieerrieinoeennnsnearoocerasenennansnansns 1
IT. LITERATURE REVIEW ..uvvriiiiinieeietnoneasannsoononsaa 3
1. Introduction....coveneiiiiiiiiiiniiiiiiininennnen. 3 Z
2. VeloCity BiaS.eeeererioneeeroonesssosnosoenncnnananas 4 :
3. Incomplete Signal BiaS......ocvvivmiiiiieiiniiennnnn, 12
4. Other Measurement E 0rsS.. ..ot iiiiiiinienrnnnnnns 13
II1.  SYSTEM DESIGN v ouvnevsevneneeneenerneenennenneenasnasnnns 17 f
4 1. Introduction....c.uiiiiinn ittt iieitstenanenns 17 |
2. LDV DESigN. ettt ittt ittt i it e e 17
3. Flow SysStem. . cvree it iiiireesnnesnssonecnsnanes 20
4. Signal ProCesSSOr. ... v ieieennrnrnineenennenaansananns 24
5. Data AcquUisition....c.veoiir it iiniineinrianenenn 27
TV, SYSTEM PERFORMANCE ... ivittneiinnneeeeruenonnsnennanennns 30
1
V. EXPERIMENTAL MEASUREMENTS . ..irverniriereninnenenoananean 46
1. Methodology...cvvvviirnieiniiiiiroenennarsasenanannss 46
2. Experimental Data...eeoeenerienriiniiiiiiininierenienens 52 1
VI. CONCLUSIONS AND RECOMMENDATIONS ...iviiienininrvnnnnnennns 69
REFERENCES o+ ivvreiettee et anoensnsoenacnsasnsosaeasssassocssnes 7
APPENDIX: DATA ANALYSIS PROGRAM ... it iiivninenennnnenns 74 L




Figure

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

LIST OF ILLUSTRATIONS

Effective probe volume cross section.....................
Polar response of a probe volume...........covirvieennnn.
1 B VS - A
Flow system. ...t i e i et ettt eanennanss
Test SeCtion. .. .o viiiit ittt et it
Processor operation.....c.iviiiiei et eieeaiioneannn
Microcomputer operation.........coovtiiiiiieiiianneanan.
Histogram for 10 MHz signal generator input (N=4)........
Histogram for 10 MHz signal generator input (N=2)........
Histogram for 5 MHz signal generator input (N=2).........
Histogram for 5 MHz signal generator input (N=32)........
Histogram for 10 MHz gqlass fiber data.............. ...,
Histogram for 5 MHz glass fiber data.....................
Histogram for 10 MHz pinhole data................. ... ...
Histogram for 5 MHz pinhole data.............coiiivan,
Data ready pulses at a data rate of 25000................
Typical histogram of turbulent data.............c.vouiven.
Data ready pulses at a data rate of 250......0vvvvivnnnnn

Velocity vs. data rate in low turbulence
intensity region. .. ..o riienniniieinroesnncnennes




Figure

20.

21.
22.
23.
24,
25.

26.

27.

Al.
A2.

Page
Turbulence intensity vs. data rate in low
turbulence intensity region........coviviiiiirerneannnnnns 55
Velocity vs. data rate at location A..................... 57
Turbulence intensity vs. data rate at location A......... 58
Velocity vs. data rate at location B (fg=0 MHz).......... 60
Velocity vs. data rate at location B (f =10 MHz)......... 61
Turbulence intensity vs. data rate at
location B (f =0 MHZ ) ettt i ittt ii et teeenenenennnnnn 63
Turbulence intensity vs. data rate at
Tocation B (fg=10 MHz).....c.cooiiiiiiniiiiiiiiinininns, 64
Velocity vs. nondimensionalized data rate................ 68
Page
Typical velocity histogram before editing................ 77
Typical velocity histogram after editing................. 78

~yvii-




LIST OF TABLES

Table Page
1. Proposed velocity bias corrections.....ovvvveennnrnenenn. n
2. 5 MHz signal generator data......v.ovvrvriirinnnnnnennnn. 34
3. 10 MHz signal generator data.........ccvivrieenninnennnns 35
4. 5 MHz glass fiber data.........covviiiiiiniiinnnn.., 39
5. 10 MHz glass fiber data......ccvvviiimniniininrnnnennnn. 40
6. 5 MHz pinhole data........ccoiiiiiiiniiininneinnnnennn. 41
7. 10 MHz pinhole data.....cooviiriiiininnnniinnernnnnnnnn 42
8. 5 MHz signal generator data from new processor........... 43
9. 10 MHz signal generator data from new processor.......... 44

10. Demonstration of incomplete signal bias.................. 65

L o g

-viii-




o ,
NOMENCLATURE
Ap Cross-sectional area of probe volume
Dm Digital mantissa of TSI processor
Dp Diameter of probe volume
ET Analog output of TSI processor
Fr Fringe Spacing
fD Doppler frequency
fs Shift frequency
N Number of cycles/burst
NT Total number of fringes in probe volume
n Exponent on TSI processor

S Average velocity gradient across probe volume

Reset time of TSI processor

g~
—
-

U Mean velocity component
Ui Individual velocity realization
u' RMS velocity (standard deviation)
v Velocity vector
VF Fringe velocity
W, Radius of Gaussian beam
a Angle between velocity vector and fringe normal
A Laser light wavelength
w; Weighting factor
-ix- i




SECTION I
INTRODUCTION

The laser Doppler velocimeter (LDV) has gained wide acceptance
as a measuring instrument in fluid mechanics research, particularly
for turbulent flow studies. However, questions have arisen regarding
the accuracy of LDV measurements under certain conditions. When a
counter type (burst) processor is used for LDV signal processing,
for example, it has been suggested that the measured mean velocity may
be in error due to a "velocity bias”. A number of investigations
related to this problem have been conducted in recent years, but the
results have not been conclusive.

A primary objective of the present investigation was to develop
a method for direct measurement of velocity bias in a turbulent flow
and to determine if it could be eliminated by proper signal processing
techniques. The validity of one of the more common velocity bias
correction schemes was also studied. In addition a second important
bias error, incomplete signal bias, was investigated.

Results of the investigation show that velocity bias does exist
and can cause significant errors in turbulent flow measurements.
However, it can be eliminated by proper signal processing techniques.
The magnitude of the bias is strongly dependent upon the manner in
which data is taken and the flow structure. Therefore, correction

schemes which do not take these factors into account are inadequate
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and may, in fact, increase the error. Incomplete signal bias was also i
found to be significant, but it can be minimized by frequency shifting
as previouc studies have shown. 4
i




SECTION II
LITERATURE REVIEW

1. _Introduction

Turbulent flow is by definition fluctuating, random, and three

dimensional. As a result, measurements in turbulent flows are diffi-

cult to perform. Hinze [1] suggests six requirements which an

instrument must meet to make accurate turbulent measurements:

1.
2.

The probe must causc minimal disturbance to the flow.

The probe must be smaller than the smallest turbulent
structure,

The instrument must have a fast response time.

The instrument must be sensitive enough to record small
velocity changes.

The calibration of the instrument must not change over the
time required to make a series of measurements.

The probe must be strong enough to withstand the forces

exerted by the flow.

The laser Doppler velocimeter (LDV) is unique among flow measurement

instruments because it is capable of meeting all six of Hinze's

requirements.

Since 1968 the LDV has undergone a great deal of development,

much of which has been reported in various symposium proceedings

[2,3,4,5]. As a result of this work, several sources of error have

been discovered which are inherent in LDV measurements. Many of these

-3-




errors have been fully analyzed and are easily eliminated or reduced

to an insignificant level. However, velocity bias continues to be a
problem in turbulent flow measurements. Several correction schemes
designed to reduce velocity bias errors have been developed, but their
effectiveness is not known. Incomplete signal bias can also be a
problem in some cases. Recent literature dealing with velocity bias,
incomplete signal bias and other errors will be reviewed in the

following sections.

2. Velocity Bias

The existence of a velocity bias in data obtained with counter
type processors was first proposed by McLaughlin and Tiederman [6] in
1973. They suggested that the probability of a velocity realization

is dependent on the velocity as shown by

An = lVIApMAt (1

where An is the average number of velocity realizations obtained during
any time interval, At is the length of the time interval, |[V| is the
magnitude of the velocity vector, Ap is the projected area of the probe
volume normal to V, and M is the seed density.

As a result, the mean velocity obtained from an ensemble average
of LDV data points in a steady turbulent flow will be biased to higher
values. They suggested correcting for the bias by weighting each
velocity realization by the inverse of the magnitude of the
velocity vector. Foraspherical probe volume, the mean velocity U and

RMS velocity u' would then be given by
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where U is the mean velocity, Ui is an individual velocity realization,
|V1| is the magnitude of the instantaneous velocity vector, and u' is
the RMS velocity.

Generally, the magnitude of the velocity vector is not known.
McLaughlin and Tiederman suggested that at lower turbulence levels the
magnitude of the instantaneous velocity vector is approximately the
same as the magnitude of the velocity component being measured.
However, in flows where there is a high probability of having large
velocity components perpendicular to the fringes, this one-dimensional
correction tends to over correct the mean velocity.

George [7] arrived at a correction for the mean velocity by
weighting each velocity realization by a particle's residence time in
the probe volume and then expressing that time as a function of velocity
and probe volume size.

Buchave [8] pointed out that the overcorrection produced by the
one-dimensional weighting at high turbulence levels is partially com-
pensated for because of the N-fringe requirement of most counters which

introduces incomplete sign2? bias. He concluded that if the ]

-5-




one-dimensional correction is used along with frequency shift, the

measurement error may actually be increased in some cases due to the
elimination of this compensating effect.
Barnett and Bentley [9] analyzed velocity bias using a series

representation of the time average velocity

where Ati is the time between samples and T is the total sampling
interval. They assumed that in uniformly seeded flows the time
between samples is correlated with the average velocity over the
interval. They concluded, as did McLaughlin and Tiederman, that a
true time average could be obtained by weighting each velocity
realization by the inverse of velocity. However, Barnett and Bentley
also concluded that if the particles ar> separated by long times the
correlation between velocity and time is destroyed. Thus if the
particle arrival rate is much lTower than the frequency of velocity
oscillations, velocity bias will not exist. This result is in direct
conflict with McLaughlin and Tiederman's conclusion [6 ] that bias
will exist regardless of the particle arrival rate.

Hoesel and Rodi [10] observed that the one-dimensional correction
of McLaughlin and Tiederman was too restrictive because it required
uniform seeding. They proposed two different corrections. In uniformly
seeded flows, they suggested weighting each velocity realization by the
particle's residence time in the probe volume.

The particle’s residence time may be calculated from its mean

velocity and from the total number of fringes it crosses in the probe
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volume. Processors which determine the total number of fringe cross-

ings are now commercially available. In non-uniformly seeded flows,
they suggested weighting by the time between bursts. However, the
time must be measured from one burst to the next regardless of whether
or not this second burst has sufficient amplitude to be detected which
presents a practical difficulty. Hoesel and Rodi presented experi-
mental data taken in a free jet. However, no attempt was made to
compare their results with independent measurements so nou definite
conclusion concerning the validity of their correction scheme can be
made.

Kreid [11] showed that velocity gradients in the probe volume may
cause bias similar to that cited by Mclaughlin and Tiederman. He con-
cluded that a linear velocity gradient would cause a positive bias
(increased measured mean velocity) while second order gradients may
cause either positive or negative bias. However, Kreid concluded that,
in most instances, the effects of gradients are negligible.

Karpuk and Tiederman [12] performed an analysis similar to that
of Kreid except they considered the effects of velocity gradients and
turbulence on both the mean and RMS velocities. The analysis showed
that the one-dimensional velocity weighting is applicable when cal-
culating mean velocities in turbulent flows with velocity gradients.
Velocity profiles from the viscous sublayer of a water channel were
calculated from pressure gradient measurements and compared to profiles
obtained with an LDV. The uncorrected LDV profiles contained velocities
approximately 10% higher than the profiles calculated from the pressure

gradient information, while the LDV profiles calculated using the
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one-dimensional velocity weighting were significantly closer to the
pressure gradient profiles.

Karpuk and Tiederman also analyzed the calculation of the RMS
velocity in turbulent flows with a velocity gradient. Their analysis
showed that the total variance comes from three sources, namely turbu-
lence, the mean velocity gradient, and the gradient of the variance.
It was also shown that the one-dimensional velocity weighting does not
account for the two spatial (gradient) effects. They suggested the

following correction

S“D;

e s L
R j?f‘ (5)

S+ D

PP

1210

1

where “é is the "true" RMS velocity at the center of the probe volume,
u& is the RMS velocity calculated using the one-dimensicnal velocity
weighting, UO is the mean velocity at the center of the probe volume
(calculated using one-dimensional velocity weighting), Dp is the width
of the probe volume and S is the average velocity gradient across the
probe volume. LDV data taken outside of the viscous sublayer was
compared with similar hot film data taken by Eckelwmann and Reichardt
[13]. The uncorrected and one-dimensional velocity weighted standard
deviations were significantly higher than the hot film results.
However, their proposed correction yielded good agreement with the hot
film data.

Meyers and Clemmons [14] noted that if a high sampling rate is

used, it is possible to obtain multiple samples from a single particle.
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This is especially true in LDVs which use frequency shifting. Multiple
sampling results in velocities being biased to lower values because
slower particles spend more time in the probe volume and are more

likely to be sampled several times. Meyers and Clemmons termed this
effect Bragg bias and claim that it partially compensates for velocity
bias. They suggest correcting LDV data by weighting each realization

by the inverse of the product of the velocity and the number of possible
realizations from each particle. The resultant weighting factor is

given by

where N is the number of fringes required for a realization, Fr is the
fringe spacing, Tr is the reset time of the processor, VF is the fringe
velocity, Ui the particle velocity, and Dp is the diameter of the probe
volume. However, this factor does not take into account the fact that
the number of realizations from a particle must be an integer, so it

is obviously incorrect.

Durao and Whitelaw [15] suggested using random sampling to reduce
velocity bias, since using all of the velocity realizations tends to
maximize bias error. Random sampling of the data should lessen the
effects of many closely spaced signals. They presented artificial data
created by randomly sampling a sine wave which showed that random
sampling does reduce the measured mean velocity. However, their re-
sults for actual Doppler signals were much less conclusive. In any

case, the reduction in the mean velocities observed may not have been

-9-
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the direct result of random sampling but rather due to sampling at more

equal times as the average interval between samples increased.

In a later paper Durao and Whitelaw [16] experimentally found a
variation in Doppler frequency with particle arrival time. They sug-
gested weighting velocity realizations by their arrival time. However,
no mention of how the arrival time of a particle is defined or how it
was determined was mentioned.

Giel and Barnett [17] performed LDV measurements in a free jet
and compared the results to hotwire measurements. They found no
evidence of velocity bias, but suggested using a heavily seeded flow
sampled at a very slow rate as a means of avoiding biased results.

Bogard and Tiederman [18] investigated the effect of particle
arrival rate and particle velocity on velocity bias. They found that
neither had any effect on velocity bias.

Buchave [19] has recently completed an extensive analytical and
experimental study of biasing. He concludes that a residence time
weighting provides the correct statistical results in uniformly seeded
flows, since it is equivalent to a time averaging of the data. His
experiments included measurements in a free jet using a hot wire and a
frequency shifted LDA with both tracker and counter type processors.
It was assumed that the LDA tracker gave the "true" mean velocity.
Based on this assumption the residence time weighting provided the
proper bias correction over a wide range of turbulence intensity. The
M-T one-dimensional correction, on the other hand, significantly over-
corrected the counter data once the turbulence intensity exceeded 10-20
percent. This is to be expected, since the M-T correction is known to

be invalid at high turbulence levels. It should be noted that Buchave
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found an 81 difference between the hotwire and tracker results on the

Jet axis with even larger differences off-axis.

Table 1. Proposed Velocity Bias Corrections.

W Suggested by Description

—_— McLaughlin & weight by the inverse of the magnitude of
V.| Tiederman the velocity vector (Requires measurement
of total vector.)

b McLaughlin & weight by the inverse of the magnitude
lUil Tiederman of the measured component (Simplified 1-D
correction.)
t George weight by the particle's residence time in
P the probe volume
ti Hoesel & weight by time between particles
Rodi
1 . .
]ITW?F_ Meyers & weight by inverse of the product of the
it Clemmons measured velocity component and the maximum

number of realizations from a particle

A summary of the schemes discussed is presented in Table 1. It
is apparent from the literature reviewed here that the velocity bias
question is still open. The "proper" correction method to be used is
not clear and there have in fact been no definitive experiments which
conclusively demonstrate the existence of velocity bias. A primary
problem has been the difficulty of obtaining accurate unbiased

measurements in a turbulent flow.
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3. Incomplete Signal Bias

When counter type processors are operated in the N cycle mode
(N Doppler cycles required to acquire a valid output) incomplete
signal bias may exist in a turbulent flow. A particle crossing the
LOV probe volume at an angle to the fringe normal may not cross enough
fringes to produce the required N cycles and therefore this velocity
data is lost. Generally, such particles would have a velocity com-
ponent normal to the fringes which is lower than the mean velocity.
Their failure to be counted results in the ensemble averaged mean
velocity being biased to a higher value. It has been pointed out that
LDVs without frequency shifting may therefore not have the required
isotropic response to make accurate measurements in highly turbulent
flows. Frequency shifting reduces incomplete signal bias by increasing
the number of fringes seen by a particle crossing the probe volume.
Whiffen, Lau, and Smith [20] derived an expression for the “polar
response"” of a probe volume as a function of the effective cross
sectional area.

The effective cross section of the probe volume is defined as the
area of the circle with diameter equal to the width of the region
through which a particle traveling at a given angle must pass in
order to cross the required number of fringes. This is illustrated in
Figure 1. The polar response is this effective area nondimensionalized
by dividing by the actual area of the probe volume. The polar response

is given as a function of the particle's incidence angle by:

-12-
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where N is the required number of fringe crossings, NT is the total
number of fringes in the probe volume, o is the angle of incidence of
the particle, VF is the fringe velocity (assumed positive if the
fringes move opposite the flow direction), and |V| is the magnitude of
the velocity vector.

A plot of the polar response of a probe volume is shown in Figure

2 for N/N; = 0.75 and various values of VF/|VI. Note that when no i

frequency shift is used (VF/[V]= 0) the probability that a particle

entering the probe volume perpendicular to the fringes will cross the
required number of fringes is less than 0.75 and the probability of
. detection decreases to zero at entrance angles greater than #60°.

However, when VF/!V|= 2 (fringes are moving at two times the particle

I'4

1 ki s o L s Sraot e

velocity but in the opposite direction), particles entering the probe
volume at any angle have a probability greater than 0.7 of crossing N
fringes while particles entering at angles between +90° (90° is
parallel to the fringes) have a probability greater than 0.9 of
crossing N fringes. Thus, incomplete signal bias may be significantly

reduced by frequency shifting.

4. Other Measurement Errors

Thompson and Flack [21] described ten bias errors which may occur

in LDV measurements. Two of these are velocity bias and incomplete
signal bias as were described in the previous sections. The remaining

-13-
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Figure 1. Effective probe volume cross section,

Figure 2. Polar response of a probe volume.
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biases are generally considered to be well understood and can be

minimized with proper equipment and signal processing. However, if

[

they are ignored, serious errors may result. These biases and other
error sources will be briefly examined here.
Freqguency broadening may result if the two beams of the LDV do
not cross at their beam waists. Hanson [22] and Durst and Stevenson
[23] have investigated this problem and have shown that with a properly
designed and aligned system, frequency broadening may be eliminated.
Directional ambiquity results from thelDV's inability to dis-
tinguish between plus and minus velocities. Generally,it is only a

problem in regions containing reverse flows, although it can also

affect measurements made in regions of high turbulence. Durst and
Zare [24] suggested several methods of eliminating directional ambigu-
ity, the most common being frequency shifting.

Counters which use a high speed digital clock may have clock
errors from two sources. The first is the result of the finite period 3
of a clock cycle. The second results from the lack of synchronization
of the gating of the clock with the beginning and end of the Doppler
burst. Wang [25] investigated this problem and showed that, in some
cases, the period measurement will always be zero to one clock cycle
too many. However, with the development of higher clock speeds such
clock errors have become less significant.

Particle distribution bias results from non-uniform seed distri-
bution in the flow. Non-uniform seed distributions often occur in

mixing or reacting flows. Giel and Barnett [17] and Asalor and

Whitelaw [26] have examined this problem, but the results are

-15-




conflicting. More work needs to be done in this area.

Particle lag bias is the result of large particles not accurately
following the flow fluctuations. However, in many situations, seed
size is easily controlled. Also, processors are now being produced
with circuitry which eliminates high amplitude signals resuiting from
large particles.

Most counters require the Gaussian pedestal to be removed from
the Doppler signal before processing. Generally, this is performed
electronically with a high pass filter. However, filtering is only
effective if the spectral band width of the pedestal does not overlap
the Doppler spectrum. Should overlap occur, it may be eliminated by
frequency shifting or the pedestal may be removed optically [24].

Two related biases are comparator tolerance bias and particle

acceleration bias. Most counters validate signals by comparing the

measured times for different numbers of Doppler cycles (4/8, 16/32,

- etc.). Should the tolerance on this comparison be set too low, signals
from particles which accelerate through the probe volume will be
eliminated. Thompson and Flack [21] recommend a tolerance setting of

no less than 5" for turbulent flow measurements.




SECTION 111
SYSTEM DESIGN

1. Introduction

The LDV system used in this investigation was designed specifically
for studying bias errors. Its flexible design allows for variation of
several optical parameters as well as various data and sampling rates.
The system may be divided into four subsystems:

1) The LDV

2) The flow system

3) The data acquisition system

4) The seeding system.

2. LDV Design

The LDV system was designed specifically for studying vari~us bias
errors. It has provisions for changing the probe volume size, the
fringe spacing, and the angular orientation of the probe volume. It is
also possible to frequency shift the beams with a dual Bragg cell system.
The general layout of the device is shown in Figure 3. The flexibility
of this system allows the probe volume characteristics to be varied over
a wide range. However, it also requires a rather careful alignment to
insure that the desired conditions are obtained.

Laser light for the system is supplied by a 5 watt Argon laser.

The beam exits the laser and enters a polarization rotator. The

polarization rotator insures maximum fringe contrast in the probe volume.

Following the polarization rotator is the beam expander telescope. The
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telescope is composed of a 44 mm lens (f]) followed by a 68 mn lens
(f2). The f] lens images the beam waist from inside the laser cavity

to a point between the two telescope lenses. Then lens f2 and the
transmitting lens image this waist to a location within the test region.
Waist diameters of 60 to 500 um can be obtained within the test region
by moving f2 over a 7.5 mm traverse.

From the telescope, the beam is reflected to the upper portion of
the transmitting optics package where it enters the beam splitter. The
beam splitter is a commercial TSI model #916-1 which splits the enter-
ing beam into two parallel equal intensity beams separated by 50 mm.

Following the beam splitter are the two acousto-optic modulators.
The modulators shift the frequency of the incoming beam either up or
down by an amount equal to the frequency of the driver. Drivers of 30
and either 35 or 40 MHz are used. (Selection of a 35 or 40 MHz shift
involves changing the crystal oscillator in the driver.) By using
various combinations to shift one or both beams, net frequency upshifts
or downshifts of 0, 5, 10, 30, 35, 40, 70, or 75 MHz are available.

A positive frequency shift is defined here as a shift which causes the
fringes to move opposite the direction of the fluid flow (increases
effective Doppler frequency). Conversely, with a negative shift the
fringes move the same direction as the flow and the effective Doppler
frequency is decreased.

Next the beams are reflected by the adjustable mirrors to the
sliding prism. The prism directs the beams to the transmitting lens.
Various beam separations can be obtained by translating the prism. The
adjustable mirrors are used to position the beams so that they cross

-19.




on the optical axis and at the beam waist. Thus fringe spacing may

be changed through proper adjustment of the sliding prism and adjust-
able mirrors. The transmitting lens has a focal length of 250 mm.
The receiving lenses are a 250 mm lens, similar to the trans-
mitting lens, and a 120 mm lens mounted several centimeters apart.
The receiving lenses and the entire receiving optics package may be
moved along the axis of the optical system to allow proper focusing.
The optics table is mounted in bearings which rotate on the
optical axis. Rotation of the optics table rotates the probe volume
so that velocity components at various angles to the horizontal can
be measured. A detailed description of the entire system is given by

McVey [27].

3. Flow System

The flow system was designed to provide flows with both Tow and
high turbulence intensity while providing easy optical access. The
general layout of the system is shown in Figure 4. Its major elements
are:

1. A variable speed blower

2. A flow conditioning section

3. The test section

4, An exhaust system

5. The seeding system

The blower is a Peerless Model PWB14GA radial blade blower driven
by a variable speed direct current motor. The blower-motor combination
is capable of producing air velocities up to 50 m/s at the centeriine

of the flow conditioner duct downstream of the flow straighteners.

-20-
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The blower requires approximately one hour of running before its speed

stabilizes. After an hour the blower speed continues to fluctuate,
but the changes are very small. Generally blower speed is checked
prior to each run by a pitot tube located at the centerline of the
flow conditioning duct and minor corrections made if necessary. The
blower is attached to a separate stand with rubber mounts to eliminate
vibrations.

The flow conditioning section consists of a set of flow straigh-
teners followed by a 102 mm by 102 mm (4 in. x 4 in.) duct 1.9 m (24")
Tong. The duct is constructed of 1/2 inch plexiglass. The elements
in the flow straightener are an ordinary window screen followed by a
honeycomb of 1/4" soda straws one inch long. Following the honeycomb
are two more screens. The flow conditioner is attached to the blower
through a short duct which is connected to the blower with several
wraps of tape. The conditioner and other parts of the flow tube are
supported by concrete pillars with provisions for height and level
adjustments.

The test section consists of a 102 mm by 102 mm (4 in. x 4 in.)
duct which expands into a 102 mm by 204 mm (4 in. x 8 in.) duct over
a rearward facing step as shown in Figure 5. It also contains several
ports which allow installation of pitot tubes or hot wires. Static
pressure taps are located along the top and bottom surfaces of the
section as well as along the face of the step. The test section
contains flanges at each end which bolt to the flow conditioning duct
and a 1.85 m (4.7 in.) extension duct. An exhaust fan is located

approximately one meter beyond the exit of the extension duct to

-22-
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remove particle laden air from the room. Most measurements were per-
formed in the shear layer that develops downstream of the step.

The seeder is a commercial system built by TSI. It consists of
a Model 3074 air supply, a Model 3076 liquid atomizer, and a Model 3072
Evaporation Condensation Monodisperse Aerosol Generator. OQutput from
the seeder flows through a one gallon bottle, used to damp out flow
fluctuations, to a tee. One line from the tee runs to the exhaust fan,
The other 1ine runs through a valve to the blower inlet. The seeder
may be operated at a constant pressure while the seed density in the
flow tunnel is varied by adjusting the valve. High seed densities may
be obtained by fully opening the valve and pinching closed the exhaust
line. The system produces particles of approximately 1 micron diameter
using a solution of 1007 DOP (Dioctylphtalate). Smaller particles may
be produced by using various solutions of DOP and alcohol. However,

the 1 micron particles proved satisfactory for the present study.

4, Signal Processor

The signal processor used was a commercial Thermo-Systems Incor-
porated (TSI) 1980 processor. The 1980 is a counter processor with
2 ns clock resolution and both digital and analog output. Signals from
the photodector are input to the processor's signal conditioner. The
conditioner contains low and high pass filters for removing noise and
the Gaussian pedestal from the Doppler signal. It also contains an
amplifier which varies the amplitude of the filtered signal. Foliowing
the conditioner is a timer module. The timer module may be operated
in either an N-burst or a total-burst mode. The N-burst mode determines

the Doppler freguency from N cycles where N may be set to 2, 4, 8, 16
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or 32 cycles per burst. Signal validation js performed with an N/2
to N cycle comparator with a tolerance adjustable from 1 to 207. In
total or T-burst mode the Doppler frequency is determined from all
cycles in a burst which exceed a preset minimum amplitude. The
minimum number of cycles per burst to be accepted are set when in T-
burst mode. However, the comparator may not be used.

The Doppler frequency of a burst is determined in either mode of

processor operation using a high speed digitai clock in conjunction

with a zero crossing detector and a Schmitt trigger, as shown in
Figure 6. The Schmitt trigger produces a square wave from that por-
tion of the signal which exceeds the 40 mv threshold. A zero crossing
detector generates a pulse each time a rising signal crosses zero volts
and the pulse continues until the signal amplitude crosses the 20 mv
hysteresis level. The digital clock is gated on at the first zero

. crossing after the signal has exceeded the threshold voltage. The
number of cycles is determined from the zero crossing pulses. If the
processor is in N-burst mode, the clock is gated off after N zero

crossings. In T-burst mode, the clock is gated off at the first zero

crossing after a cycle fails to exceed the threshold. Upon completion
of the signal processing, the processor produces a data ready pulse.
Digital output from the processor is in the form of three binary
numbers, a 12 bit mantissa, 6 bits for the number of cycles per burst,
and a 4 bit exponent. The three values are used to compute a Doppler

frequency by
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where N is the cycles per burst, Dm is the digital mantissa, and n is

the exponent. If the exponent is set at 3, the mantissa represents

the number of 2 ns clock ticks used to measure N cycles. If the ex-
ponent is less than 3, one tick of the clock results in a change of

(3-n)

2 in the mantissa. If the exponent is greater than 3, a change

(n-2) ticks of the clock. The

in one of the mantissa represents 2
digital output also contains a one bit data ready signal.

Analog output is a 0 to 10 volt signal which varies linearly with
vejocity. The signal producad by a particle is held until another
particle is validated. Therefore, with low seed density and a high

sample rate it is possible to obtain more thanone sample from a

particle. The Doppler frequency may be determined from

. N x 100 (9)
- Nx1ps
0 £ x 21\+10)

T
where fD’ N, and n are the same as for the digital output and where
ET is the analog output voltage. The processor contains an output
module which displays the average analog voltage and the average data

rate.

5. Data Acquisition

Data acquisition and short term data storage are performed by an
IMSAI 8080 microcomputer and a Micropolis floppy disk system. Initially,
the computer's sampling rate was variable from approximately 0.1 to
2750 samples per second. Recent software modifications have increased
the maximum sampling rate to approximately 4800 samples per second.

The microcomputer is capable of storing approximately 9500 data points
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in memory. After sampling is completed, the data is written on a

floppy disk for temporary storage. tach disk is capable of storing
approximately 100,000 data points. The microcomputer is also inter-
faced with the Purdue University Computing Center's CDC 6500 computer. A
Data may be transfered from floppy disk to the 6500 and permanently
stored on magnetic tape. The 6500 is also used for all of the data

analysis.

The microcomputer and TSI processor are interfaced such that the
microcomputer samples on command of the TSI as shown in Figure 7.
When the TSI processor has a data point ready, it sends a data ready
pulse to the microcomputer. When the microcomputer receives the pulse,
it returns a data inhibit pulse to the TSI processor. The inhibit stops
the TSI processor from taking more data and causes it to hold the
present data until it can be read. The microcomputer waits a fixed
time interval, depending on the desired sampling rate, before reading
the data. Once the data is read, the microcomputer removes the data
inhibit, stores the data, and waits for another data ready pulse. The
rate at which data is recorded is dependent on the slower of the two
instruments.

The microcomputer also contains an analog to digital converter
for sampling analog signals. Analog signals from 0 to 5 volts are
converted to a digital value between 0 and 1024. Analog sampling may

be performed at rates up to 4773 Hz.
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SECTION IV j

SYSTEM PERFORMANCE

The performance of the TSI processor and LDV were evaluated in

two ways prior to making flow measurements. The processor was checked

independently of the LDV by sampling 5 and 10 MHz sine waves created
by a signal generator. Histograms and the measured mean frequency
were determined from the resulting data and compared with those ex-

pected. The LDV and TSI processor were evaluated together by sampling

photodetector outputs with the TSI processor. The signals were gen-
erated by either a glass fiber or a 2.5 um pin hole fixed in the LDV
probe volume. The evaluation was performed using both a 5 and a 10
MHz frequency shift and, as before, histograms and measured mean fre-
quencies were determined and compared with those expected.

| Several histograms of the signal generator data are shown in

l figures 8, 9, 10, and 11. The spacing between the histogram bars are
‘ the result of the processor's finite clock resolution. Each bar
represents a difference of one clock cycle.

The histogram in Figure 8 is the result of proper operation of
the processor. The majority of the period measurements contain the
same number of clock cycles as indicated by the large center bar of
the histogram. The shorter bars on either side represent an error of

plus or minus one clock cycle in some measurements.
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Figure 8. Histogram for 10 MHz signal
generator input (N=4).
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Figure 9. Histogram for 10 MHz signal
generator input (N=2).
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Typically, the histograms of signal generator data contained

three bars. However, very few had the distinct central bar of Figure
8. Many of the histograms contained two major bars separated by a
shorter bar as in Figure 9 or one major bar and two smaller bars to
one side as in Figure 10. The reason for these differences in the
histograms is thought to be the result of the processor having a
preference for certain digital values. Occasionally, a histogram
similar to Figure 11 was produced. These very wide histograms are
probably the result of noise and signal distortion.

Mean quantities of the 5 and 10 MHz signal generator data are
shown in Tables 2 and 3. The "velocity" information is based on a
4.339 um fringe spacing and a shift frequency equal to the input fre-
quency. Typically, the average absolute error in a period measurement
is one or two clock cycles. This results in a relative error of 0.5
to 0.125% when the processor is operated at 8 to 16 cycles per burst.
The relative error should decrease as the cycles per burst increases
as a result of the absolute error remaining constant as the total
number of clock cycles increases. Velocity and standard deviation
measurements at 10 MHz show this trend. However, the 5 MHz data showed
random changes in error with respect to cycles per burst. It also
contained period measurements with absolute errors as high as 8 clock
cycles. The reason for this is not known.

Several typical histograms from measurements made using the pin
hole and glass fiber are shown in Figures 12, 13, 14, and 15. These
histograms do not contain the single targe bar and two smaller bars

which the signal generator data produced. Instead, the histograms
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Figure 12. Histogram for 10 MHz

glass fiber data.
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Figure 13. Histogram for 5 MHz

glass fiber data.
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are much broader, often containing 8 or 12 bars. The spread in the
histograms is probably the result of both noise in the signals and
fringe distortions. The stepped nature of the histogram is thought
to be the result of the processor having a perference for some digital
values.

Tables 4, 5, 6, and 7 contain mean quantities calculated from the
glass fiber and pinhole data. The velocity information is based on a
4.339 um fringe spacing. (Obviously the true velocity is zero.) Once
again, the average absolute clock error is one to two clock cycles
with a resulting relative error of 0.5 to 0.125% for 8 or 16 cycles
per burst operation. As expected, the relative error decreases as the
number of cycles per burst is increased,

It should also be noted that,although the pinhole and glass fiber
results are similar, the pinhole was easier to align in the probe
volume and yielded higher amplitude signals.

A second TSI 1980 processor supplied by the manufacturer was
checked using a signal generator in an effort to determine whether the
performance of our processor was typical of this particular model.

The second processor yielded histograms similar to Figure 8 for both

5 and 10 MHz signals, regardless of the cycles per burst setting.
Thus, the second processor did not appear to suffer from the inter-
mittent noise problems of the original processor nor does it have a
preference for certain digital values. However, the mean quantities
shown in Table 8 and 9 indicate that the second processor consistently
made a measurement error of two clock cycles too many. The measure-

ment error of the original processor varied but was often within one
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clock cycle. Thus, it is difficult to determine which, if either,
processor was operating properly at all times.

[t is interesting to note that in all but three of the 40 data
sets the average period error was positive (too many clock cycles).
According to the processor specifications, the clock error is plus
or minus one clock cycle (2 ns). [If this is the case the average
clock error for a large number of samples should approach zero. The
data presented above indicates that the probability of a positive
error is greater than the probability of a negative error.

Although this information is disturbing, it should be noted that at
the higher cycles per burst settings one typically measures periods
in excess of 1000 clock cycles. Thus, the error for 2 clock cycles

is less than 0.2 of the total period.




SECTION V

EXPERIMENTAL MEASUREMENTS

1. Methodology

An ensemble average will approximate a time average if the samples
are taken at equal or nearly equal increments of time. It is possible
to obtain a close ipproximation to sampling at equal increments of
time by paying careful attention to the data and sample rates. (The
data rate is defined as the number of velocity signals validated per
second by the signal processor.) Consider the case where the data rate
is 20,000 particles per second and the microcomputer speed is at 2000
samples per second. Thus, the sampling speed is controlled by the
computer which is the slower of the two devices. VWhen the computer is
ready for a sample, the TSI processor will have a point ready in a
very short time due to the high data rate. As a result, the computer
will be sampling at very close to 2000 points per second at nearly egual
time intervals. Conversely, if the microcomputer is operating at 2000
samples per second and the data rate is 200 particlies per second, the
TSI processor controls the sample rate. The microcomputer will sample
nearly very point the TSI processor computes and the increment between
sampies will depend on the arrival time between particles.

Verification that the velocity is being sampled at equal time
intervals is possible by monitoring the data ready pulses produced by
the processor. As described in Secticn [11, the microcomputer samples

the data at a preset time interval following the data ready pulse.
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The data ready pulse can only be produced when the microcomputer is
not inhibiting the TSI processor and the processor has a validated
point ready. Thus, the data ready pulses occur essentially at the
times when the velocity has been sampled. (Thereisa lag of about

3 usec before a data ready pulse is produced following N Doppler cycles.)

Oscilloscope photographs of the data ready pulse are shown in Figures 16
and 18. All photos were made with the TSI processor operating at 16
cycles per burst. The LDV had a 4.339 um fringe spacing and a 10 MHz
frequency shift. The mean flow velocity was approximately 17 m/s with a
turbulence intensity of about 25.

Figure 16a shows the data ready pulses for a data rate of 25,000
points per second. The microcomputer was not operating and, as a re-
sult, the pulses reflect the actual arrival rate of the particles.
Notice that the arrival rate is random with the time between particles
varying from 0.16 ms to less than 0.04 ms. The histogram of the data,
shown in Figure 17, indicates the velocity varies from about 3 to 30
m/s. As a result, the residence time of the particles in the probe
volume (247 um) varies from 0.08 to 0.008 ms. Thus, it is very likely
that the more closely spaced particles are the result of more than one
sample being recorded from a single particle.

Figure 16b also shows the data ready pulses at a data rate of
25,000 particles per second except that the microcomputer is sampling
at approximately 4800 samples per second. The data ready pulses appear

much more evenly spaced than in the previous photograph and the

possibility of multiple samples from a particle has been greatly re-

duced. However, one would still hesitate to say that the samples
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Fiqure 16.

(a)
E

N " “ ' 1] 17 m/s

It win f I | _

RS NI ata rate 25000 5!
Swieep 0.2 ms/div

(processor free)

(b)
U 17 m/s
RN 0:ata rate 25000 571
B Sample rate ae0p <1

Sweep 0.5 ms/div

(c)
u 17 m/s
Data rate 25000 s~
Sample rate 250 -1
Sweep 10, ms/div

Data ready pulses at a data rate of 25,000.
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(a)
I 17 m/s
Dath rate 250 57
Sweep 10, ms/div
{processor free)
|
i ,
|
F (b)
‘ u 17 m/s
: Data rate 250 57!
E""?".'“'b""" Sample rate 4200 5™
'g Sweep 5. ms/div
i (c)
) g i U 17 m/s
f ? IR : Nata rate 250 57!
P §‘.“.‘““‘.“*‘."""* Sample rate 25 5”1
: Sweep 0.1 s/div

Figqure 12,0 Juata ready pulsc. at a data rate of 250.
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are being recorded at equal time intervals.
Figure 16c shows the data ready pulses for a data rate of 25,000

particles per second but with the microcomputer operating at 250 samples

per second. At this data rate and sampling rate, the period between
samples is about 100 times the average period between particle arrivals.
As a result, the time between when the microcomputer is ready to take

a sample and when the TSI processor has a sample ready is only about

1" of the time interval between samples. Therefore, the samples are
taken at nearly equal time intervals.
In many flow systems, it is difficult to obtain data rates as
high as 25,000 particles per second. Figure 18 shows data ready pulses
similar to those in the previous figure except that the data rate was
250 particles per second. A data rate of 250 could easily be obtained
in most flow systems. Figure 18a shows the random arrival of the
particles when the microcomputer is not operating. Figure 18b shows
the data ready pulses when the microcomputer sampling rate is 4800
; samples per second. Because the data rate is much lower than the sample
‘ rate, the samples are recorded at a rate very nearly the same as the
data rate. Thus, almost every particle that the processor validates is
also sampled. However, the possiblity of multiple samples from a
single particle is very small. Figure 18c shows the data ready pulses
when the data rate is 250 particles per second while the sampling rate
is 25 samples per second. As in Figure 16c, the samples appear to be
taken at nearly equal time intervals when the sampling rate is much

Tower than the data rate.
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Experimental measurements of velocity bias were made by looking
at one point in the flow and collecting a fixed number of data points
(4500 for low turbulence intensity .lows, 9000 for high turbulence
intensity flows) at each of several data rates. The data rate was
varied by changing the seed density in the tunnel as described in
Chapter III. The evaporation-condensation unit was used for all measure-
ments to insure a nearly monodisperse aerosol of about 1 um diameter.
DOP was used as a seeding agent,

A1l measurements were made in one of three locations in the flow
tunnel as shown in Figure 5. Low turbulence intensity (~ 1.0%)
measurements were made at the center of the section just upstream of
the step. Higher turbulence intensity measurements were made either
at the step height and 155 mm downstream of the step (TI = 20".) or 5 mm
below the step and 406 mm downstream {TI x 35%). All measurements were
at the spanwise center of the tunnel. 1In all cases, the turbulence
intensity is defined as the measured local RMS velocity divided by
the measured local mean velocity. Both are obtained from the same data

set using the uncorrected ensemble averages.

2. Experimental Data

Velocity bias is dependent on turbulence intensity. Measurements
made in a low turbulence intensity or laminar flow should yield no
bias. As turbulence intensity increases, velocity bias should also
increase.

Figure 19 shows the measured mean axial velocity at several dif-

ferent seeding densitites at the low turbulence intensity point
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described earlier. The data were taken using frequency shifts of 0
and 10 MHz. The data rate is the rate at which the TSI processor was
operating and was controlled by changing the seed density as noted
above. The fringe spacing was 4.13 um for the 0 MHz shift measure-
ments and 4.19 um for the 10 MHz case. Both sets of measurements were
made using a 247 um diameter probe volume and counting 16 cycles per
bust. Each data point represents the mean value of about 4500 measure-
ments. The histograms were edited using a 30 cutoff. The maximun
rate at which the microcomputer received and processed data was about
2750 samples per second. Therefore, in interpreting the measured
results the data at 250 samples per second is being stored as fast as
it is being processed and the resulting average velocity is an ensemble
(particle) average of randomly sampled velocities. On the other hand,
the data at 20,000 samples per second was being processed so fast that
the computer could only sample about one point in 7. This results in
an approximation to time average sampling of the data. The points at
intermediate data rates are a mixture of time and ensemble averages.
The figure shows that for flows with low turbulence intensity (approx-
imately 1°) the average velocities are jndependent of the data rate.
‘ Thus, as expected, the ensemble average is equal to the time average.
Figure 20 is a plot of the calculated turbulence intensity cor-
responding to the data in Figure 19. A one percent turbulence level
is about what would be expected in the flow at this point. As expected i
the turbulence intensity is independent of data rate in this region of
the flow. The difference in turbulence intensity for the 0 and 10 MH: 3

shifted cases is probably the result of frequency broadening due to

the Bragg cells (Figures 12-15). ]
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Similar measurements were made in the more turbulent region
155 mm downstream of the step with a sampling rate of 250 samples per 1
second. Plots of the calculated mean velocity and turbulence intensity i

vs. data rate are shown in Figures 21 and 22. Examination of these

plots reveals e trend of decreasing measured mean velocity and in-
creasing turbulence intensity with increased data rate. In view of

the earlier discussion on velocity bias, one would expect a nearly
constant measured mean velocity at data rates well below the sampling
rate. As the data rate approaches the sampling rate, the mean velocity

based on an ensemble average should decrease. At data rates signifi-

cantly higher than the sampling rate, one would again expect a nearly
constant mean velocity somewhat below the initial values. Plots for
turbulence intensity should hdave an inverted behavior. The results
cbserved are consistent with these expectations. F[iqure 21 chows very
little change in mean velocity at data rates from 150 to 500 particles
per second. However, from a data rate of 500 to 15,000 particles per

second, the mean velocity drops by about 0.875 m/s.

At data rates above 15,000 particles per second, the plot appears
to be flattening out to a velocity near 18.25 m/s. If a velocity of
18.25 m/s is assumed to be the unbiased value, velocities measured at
the lowest data rates contain a bias of approximately 4.8°. Velocities
measured at data rates between 500 and 15,000 particles per second
have varying amounts of bias, depending on the data rate.

Also included on Fiqure 21 are several corrected velocities cal-
culated using the MclLaughlin and Tiederman one-dimensional velocity

weighting. At the Tower data rates, where velocity bias is greatest,
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the one-dimensional correction under corrects the mean velocity by
approximately 0.7.. However, as the data rate increases, the velocity
bias decreases. As a result at the higher data rates, where the velo-
city bias is small, the one-dimensional correction severely over
corrects the data. Details of the correction scheme are in Appendix A.
Figure 22 is a plot of turbulence intensity vs. data rate cor-
responding to the data of Figure 21. As in the velocity pliot, the
measured turbulence infensity remains relatively constant at low data
rates. At data rates above 500, the calculated turbulence intensity
increases until the data rate reaches 15,000 particles per second.
Beyond 15,000 particles per second, the turbulence intensity remains
fairly constant. According to the reasoning used previously, the
bias in the turbulence intensities measured at the lower data rates
was approximately 16.. Figure 22 also contains several turbulence
intensities calculated using the one-dimensional velocity weighting.
At the lower two data rates, where the bias is greatest, the weightina

over corrects by 5.. As the data rate increases, the bias decreases

TS Ry, T T

as before. Thus, the weighting significantly over corrects at the
highe~ data rates.

Figures 23 and 24 are plots of velocity vs. data rate taken at
the second high turbulence intensity location, 406 mm downstream of
the step. Fiqure 23 reflects measurements at sample rates of 250 and
75 sauples per second using a zero MHz frequency shift and 16 cycles/
burst. Fiqure 24 shows velacity measurements made at the same <sample

rates and cycles/burst but using a 10 MHz frequency shift. Both plots

show the familiar trend of decreasing mean velocity with increasina
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data rate and the "unbiased" mean velocity at high data rates is

approximately the same whether a sample rate of 250 or 25 samples
per second was used. However, the apparent bias at the lower data
rates is consistently higher at the 250 samples per second sampling
rate as would be expected from the previous discussion.

Figures 25 and 26 are the turbulence intensity plots corresponding
to the data in Figures 23 and 24. Turbulence intensities derived
from the unshifted data show a bias of about 237 at a data rate of
250 samples per second while the 10 MHz shifted data yields a bias of
only 14 at the lower data rates. This difference is probably caused
by incomplete signal bias. One-dimensionally corrected turbulence
intensities are shown only for the unshifted data and, as before,
the correction is only useful at the lowest data rates. A one-
dimensional weighting seriously over corrected the 10 MHz shifted
data at all data rates and, as a result, it was not included in the
graph.

The possibility that incomplete signal bias existed in the un-
shifted data of Fiqure 23 is confirmed by the results shown in Table
10 which presents data taken at different N values (cycles per burst).
For a frequency shift of 10 MHz the value of N had essentially no
effect on the average velocity. However, at zero frequency shift the
average velocity increased with N as would be expected if incomplete
signal bias was present. (Increasing N reduces the effective polar
acceptance angle of the probe volume and introduces a bias toward
higher velocities as shown previously inSection 11 ) A marked in-

fluence on the calculated turbulence intensity is also evident.
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Table 10 also indicates the skewness of the histograms at each
condition. The skewness ha~ approximately the same negative value
for all of the 10 MHz data, but is positive and increases with N for
the unshifted data. Again this is consistent with the presence of
incomplete signal bias. The results indicate that some incomplete
signal bias existed even at the lowest value of N for the unshifted
data which probably accounts for the average velocity being somewhat
higher at N = 8 than that observed for the shifted data. Another
possibility is that the filter used for pedestal removal cut off
velocity signals near zero in the unshifted measurements. However,
the 10 MHz data indicated that there were very few velocity realizations
which would have been so affected. In any case this effect would have
been constant with N and does not alter the conclusions relative to
incomplete signal bias.

Fiqures 21 through 26 illustrate that both velocity bias and
incomplete signal bias can be significant in turbulent flows and that
a simple one-dimensional velocity bias correction is not valid at tur-
bulence levels greater than 20 . (It shouid be noted that the data
shown in these figures represents a small fraction of that taken during
the course of this study. All the data exhibited the same behavior.)
The actual conditions under which the one-dimensional correction can
be used may, of course, depend on the flow and these results should not
be generalized to other situations. However, it would be useful if
a general conclusion could be reached about a proper data processing
method for eliminating velocity bias in measured data, since it would

obviate the need for a correction.
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Figures 21 through 26 suggest that it might be possible to define
a ratio of data to sample rates above which a good approximation to a
time average occurs, thus ensuring the absence of velocity bias.

Figure 27 is a plot of the data in Figures 23 and 24 with the data rate

B s T U PRSI

nondimensionalized by dividing it by the sample rate. Notice that the
two curves for the 10 MHz frequency shifted data (x,+) obtained at data
rates of 25 and 250 samples per second converge to the same mean velocity
at high nondimensionalized data rates. However, at the Tower nondimen-
sionalized data rates the two curves are divergent. The same is true

for the unshifted data (*,0), although it converges to a higher mean
velocity at the higher data rates due to incomplete signal bias. Thus,

for example, data obtained using a data rate of 25,000 particles per

second and a sample rate of 250 samples per second will yield a
measured mean velocity closer to the true mean velocity than that
obtained at a data rate of 2500 particles per second and a sample rate
of 25 samples per second. Therefore a criterion for obtaining unbiased W

data based on the nondimensionalized data rate is insufficient. The

actual data rate must also be above a certain value to insure unbiased
[ data. This may have some relation to the flow structure, but further

investigation is needed before any conclusion can be drawn.
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SECTION VI

CONCLUSIONS AND RECOMMENDATIONS

Two major conclusions may be drawn from the results presented here.
First, velocity bias will exist in LOV measurements made with counter
type processors operating in the N-cycle mode with a magnitude related
to the turbulence intensity and the data acquisition method. Second,
velocity bias may be eliminated by using proper sampling techniques.

The proper technique invelves approximating a time average by sampling
the LDV signals at a rate significantly slower than the particle

arrival rate such that the data is recorded at nearly equal time inter-
vals. However, the accuracy of the time average is apparently
dependent on both the ratio of the data rate to sample rate {nondimen-
sionalized data rate) and on the actual rate. The dependence on absolute
data rate suggests that the required seeding density is related to the
turbulence structure in the flow. In the present study, a good
approximation to a time average was obtained when the nondimensionalized
data rate exceeded 100 and the data rate was in excess of 5,000 parti-
cles per second,

Evaluation of the one-dimensional velocity weighting of McLauahlin
and Tiederman showed that the accuracy of this bias correction is
highly dependent on turbulence intensity and the data and sample rates
used. Obviously, if the data and sample rate are such that a good
approximation to a time average occurs, any correction applied to the

datawill actually increase the measurement error. However, for totally
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btased data, the correction generally resulted in a more accurate mean
velocity measurement at turbulence levels below 20 percent. Unfor-
tunately our data processing system did not permit the effectiveness of
a residence time weighting to be studied. Buchave's results [19]
suggest that this weighting is more appropriate in flows with higher

turbulence levels,

‘ At the present time the only general recommendation which can be
made regarding turbulent flow measurements is to vary the sampling

and data rates as was done here to find the conditions at which

apparently unbiased data can be obtained. This could be difficult in
cases where high data rates are not attainable. Tlwproved flow seedina
may be the answer if this is the limiting factor.

Incomplete signal bias was shown to cause significant errors in
turbulent flow measurements performed with an unshifted LOV. However,

frequency shifting virtually eliminated the problem. The presence of

el e “Snbinadidl

incomplete signal bias is easily detected by changing the cycles per
burst setting on the processor.

The results obtained in this study are based on a Timited amount
of data. Further work should be directed toward acquiring similar
data over a wider range of data and sample rates. From this data it
may be possible to develop a general criterion for obtaining unbiased
measurements. However, since it appears that relatively high data
rates are needed in any case, a bias correction may be necessary when
high seed densities cannot be produced. Thus, further evaluation of

more realistic correction schemes is needed.
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APPENDIX

DATA ANALYSIS PROGRAM

A1l data analysis is performed by a FORTRAN program on the Purdue
University Computing Center's CDC 6500 computer. The program consists
of a main routine and four subroutines.

The main routine reads the data from disk and converts the ligi.al
information to a Doppler frequency by Equation (8) given in Section
I11.  The Doppler frequency is used to calculate a particle velocity

by
Vi = [Sgn(fD) - fg ]fr (A-1)

where Vi is the particle velocity, fD is the Doppler frequency, fs is
the shift frequency (negative for fringes moving in the same direction
as the flow), fr is the fringe spacing, and where sgn is positive for a
pesitive frequency shift and negative for a negative frequency shift.
Once the velocities of all the data points have been determined, the
main routine calls subroutine STATS to perform the statistical manipu-
lations.

STATS determines the particle mean velocity, U, the variance,
(u')z, the standard deviation, u', the standard deviation from the mean,
=z, and the skewness coefficient, s, as given in the following standard

m

equations:
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1 M
U=y L (A-2)
i=]
M
W2 ) 2
W) =5 1 (U -0 (A-3)
i=1
u = (u)? (A-4)
T = u/l’ (A‘S)
m )/M
M
- -3
ML U
s = ﬂ,l:ﬂ_,‘_wng_”, (h-6)

STATS also calculates mean velocities and standard deviations using
MclLaughlin and Tiederman's one dimensional velocity weighting correction
scheme. However, the one-dimensional weighting produces serious errors
at velocities near zero (]/Ui = ). This problem was eliminated by
using a ensemble average for velocities between -.1 and .1 n/s and the
weighted average for the remaining velocities. The two means were then
weighted by the number of realizations in each and averaged to deter-
mine the corrected mean velocity.

A histogram of the cata is plotted using subroutines HIST and
USHV1. The program also contains a data editing subroutine called
SELECT. SELECT edits the data set by one of three methods. The first
method removes any data points which do not lie within a specific
number of standard deviations from the mean. The second method allows
one to specify a maximum and minimum velocity for a data set. The third

method creates a histogram of the data with specific number of bins.

-7h-
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The bins at the ends of the histogram which do not contain the desired

minimum number of velocity realizations are removed. After editing,
STATS, HIST, and USHV1, are called to determine statistical quantities
and plot histograms of the revised data. A typical histogram of velocity
data created before and after editing the data with a 30 cutoff are

shown in Ficures Al and A2. Generally, the 30 cutoff was used to

edit the data set, and it was found to work well at elminating ex-

traneous data points.
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