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(ABSTRACT)

Data collected with a three-component laser Doppler anemometer system is used
to investigate velocity bias. The data is collected in the viscous layer of a fully developed
turbulent open water flow at a Reynolds number of 14,766 based on the flow depth. The
data collected at a relatively low data rate is analyzed using different correction methods
including: straight forward arithmetical averaging, inverse velocity and transit time
weighting. The streamwise mean velocity components, the RMS values and the kinematic
Reynolds stress are computed using the various weighting methods and are compared to a
three-component inverse velocity bias correction model which is taken to represent the
"true" values. The three-component inverse velocity bias correction results are in general
accordance with the expected behavior in open channel flow and are comparable to the
results reported by other researchers employing different experimental techniques. The
results of this study show that the bias is sensitive to the correction method used and the
theory that the mean streamwise velocity error (without correction) is proportional to the
square of the turbulence intensity is confirmed experimentally. Averaging the data without
correcting it produced the largest bias while the results from the different inverse velocity
techniques were approximately the same although the level of the bias varied with the
turbulence variable that was analyzed. As reported in the literature, the transit time
weighting method requires accurate determination of the residence time. The relatively
poor performance of the transit time method in the present comparison is attributed to the
poor accuracy in the measurement of the residence time.



ACKNOWLEDGEMENTS

There are many people who need to be thanked for all their patience, support and

guidance on this paper.

Very special thanks goes to my advisor, Dr. Clinton L. Dancey , for showing kindness and

understanding throughout the whole project.

Thanks to Dr. Eugene F. Brown and Dr. Larry A. Roe for serving as committee advisors.

To my good friend and lab partner, Balakrishnan Mahalingam, thanks for everything.

iii



TABLE OF CONTENTS

Page #

ADSITACE. ..ottt i
ACKNOWIEdGEMENLS. ... i
LiSt OF FIGUIES.......ooiiiii i v
LiSt Of TabIES.........oiiiiiiiiiiiiiiee et vil
List Of NOMENCIAtUTE. .........c.ooiiiiiiiiiiiicic e viii
L INETOAUCHION. ...t 1
2. BACKGIOUNG. .......cooiiiiiiiiii i 11
2.1 Velocity Bias COITECHION. ...........ocoiiiiiiiiiiiieii et 11

2.1.1 D.A. McLaughlin & W.G. Tiederman..................cccccoovreninnn.. 13

212 WKL GEOTEE. ... 17

2.1.3 D.A. Johnson, D. Modarress, & FK. Owen................................ 19

2.1.4 H.L. Petrie, M. Samimy, & A.L. Addy..........ccooovvriereerrrernn. 21

2.1.5 Shin-ichi Nakao, Yoshiya Terao, & Key-ichiro Hirata.................. 22

216 RV EAWards........c..cooet toiiiiie e 24

2.2 Open Channel Turbulent FIOW................ccoooiiiiiiiii e 28

3. Experimental Apparatus & Technique....................cccooiiiiiiiiiiceee e, 37
3T EQUIPMENL.......oiiiiiiiiiieie e 37

3.2 Procedure........ooooiiiiiiii e 40

3.3 Parameter Determination..................c...cocoieiiiiiii e 44

3.3.1 Precise Location of the Wall................................ccooii. 44

3.3.2 The Shear VelOCity...........ccccooiiiiiiiiiiii e 45

3.3.3 Law of the Wall Coefficients A& B......................cooevii. 46

3.3.4 Reynolds Number................occooiiiiiiiii e 47

4. Experimental ResUltS..........ccccooiiiiiiiiiii e 49
4.1 Operating ConditionS. .............occoviuiiiiiiiiiiiet e 49

4.1.1 LDA Specifications.............c.ccoooioirieiiiiiiieiee e, 50

4.1.2 Flume Operating Conditions..................cccccoieiiiiiieeiciiiiee e 52

4.2 Flow Reference Conditions..................cccoeiiiiiiiiiiiiic e 53

4.3 Comparison of the Different Velocity Bias Correction Results................... 67

5. Summary & COnCIUSION..............ooooiiiiiiiiiiie it 104
List Of REfEIENCES. .........c.ooiiiiiie e 110
VEEA.. ettt h ettt ettt ettt 113

v



LIST OF FIGURES

Figure # Title Page #
1.1  Representative analog velocity signal................cccooiioiiiiiiiii e 5
1.2 Typical LDA measurement EVENtS.............c..oovvieiiriniiienieeiieeieeeieeesresenieeeenaan 7
1.3 Simple output SIgNal..............oooiiiiiiiii e 8
2.1 Continuous Output SIGNAL..............ccoeirereiieiriiie ittt 14
2.2 Transit time of a LDA'SIgNAl............cocoooiioiiiiiiiiiieccc e 18
2.3 Data points stored by controlled processor..............ocoeivviieriiiniiiiiiiice e 25
2.4  Data points stored by saturable detector.....................cccoociii 26
2.5 Sample and hold signal................cooocoiiiiiiiii e 27
2.6 LDA and flume schematic, plan VIEW.................ccociiiiiiiioniiieiiii e 30
2.7  LDA and flume schematiC................ccooiieiiiiiiiiii i 31
2.8  Mean velocity variation in a fully developed turbulent boundary layer.................. 33
4.1  Mean velocity component distributions..................c.cociiiiiiiiiiiin 56
4.2  Standard deviation component distributions................ccccooieiiiiiiiniiii 58
43  Local component turbulent intensity distributions................cccoociiiiiniiiiiiine., 60
4.4  Kinematic Reynolds stress component distributions...............cccocceiviiiviiiiecnnnn, 61
45 Streamwise turbulent intensity distribution.......................ccccooeeiiiiiiieeie e 63
4.6  Spanwise turbulent intensity distribution........................c 65
4.7  Normal turbulent intensity diStrIbUtION..................coeviiiiiiiiiieiiii e 66
48  Kinematic Reynolds stress, <uw>/U"%, distribution.........................cccccocooeieei... 68
4.9  Mean velocity bias without correction as a

function of the streamwise turbulence intensity..................ccccoociviininnn, 71
4,10  Streamwise mean velocity distribution: U=f{(z")................ccccoooiiiiiii 78
4.11 Streamwise mean velocity, comparison of

the inverse velocity correction model.................cocoooiiiiiiiniii 82
4.12  Streamwise mean velocity, comparison of

the inverse velocity correctionmodel.........................c 83
4.13  Streamwise mean velocity, comparison of the transit time model.......................... 84
4.14 Streamwise velocity RMS level, comparison of the inverse velocity model........... 87
4.15 Streamwise velocity RMS level, comparison of the inverse velocity model........... 88
4.16 Streamwise velocity RMS level, comparison of the transit time model................. 89



4.17
4.18
4.19
4.20
421
4.22
423
4.24
4.25

Spanwise velocity RMS level, comparison of the inverse velocity model.............. 90

Spanwise velocity RMS level, comparison of the inverse velocity model.............. 91
Spanwise velocity RMS level, comparison of the transit time model.................... 92
Normal velocity RMS level, comparison of the inverse velocity model................. 93
Normal velocity RMS level, comparison of the inverse velocity model................. 94
Normal velocity RMS level, comparison of the transit time model....................... 95
Kinematic Reynolds stress, <uw>, comparison of the inverse velocity model........ 99
Kinematic Reynolds stress, <uw>, comparison of the inverse velocity model........ 100
Kinematic Reynolds stress, <uw>, comparison of the transit time model............... 101

vi



LIST OF TABLES

Table # Title Page #
4.1 Settings ON SIZNAI PTOCESSOTS. ... ........coouviiiiiiieeiiiiiieeie e 51
4.2  Optical Settings of the Different Beams.................coccooiiiiiiiiiiiii 51
43  NezuFIoW Parameters...............ccoooviiiiiie oo S5
4.4 Karlsson & Johansson Flow Parameter......................cccccooiiiiiiiiiiciiie S5
45  Errorin Wall LOCAtION. ............c.ocooviiiii oo 75
4.6  Friction Velocity for the Different Weighting Factor......................coooccooiii 77
4.7  Law ofthe Wall Coefficients.....................cccooiviiiiii 80

Vil



LIST OF NOMENCLATURE

Streamwise Direction

Spanwise Direction

Normal Direction

Instantaneous Velocity

Average Velocity

Fluctuation (u=U-U)

Standard Deviation

Cross Term, Kinematic Reynolds Stress
Area Average Mean Velocity

Flow Depth

Flume Width

Wall Correction Factor

Shear or Friction Velocity
Dimensionless Velocity

Dimensionless Height

Flow Density

Flow Kinematic Viscosity

Wall Shear Stress

Resistance Coefficient

Reynolds Number Based on the Flow Depth

Reynolds Number Based on the Hydraulic Diameter

Hydraulic Diameter

Hydraulic Radius

Law of the Wall coefficients
Velocity Norm

Time Interval

Time Average

Arnthmetic Average

Time Period

Time

Total Number of Measurement

Total Number of Measurements with a velocity equal to Uy

viil



AVy

Volume of Fluid Sampled by the LDA Over the Time Interval Aty

Projected Area of the LDA Scattering Volume in the Direction of the
Velocity

Mean Spanwise Velocity

Mean Normal Velocity

Arithmetical Average for LDA Signal

Weighting Function for the i Measurement

True Mean Velocity

Distance Between the Measurement Volume and the Exit of the Seed
Injection Tube

Inside Diameter of the Seed Injection Tube

Length of the measurement volume

diameter of the measurement volume

Number of fringes for the K" measurement

Doppler frequency plus shift, Hz

ix



Chapter 1

Introduction

The laser Doppler technique for measurement of fluid velocity has been in
existence for approximately thirty years. The technique is popular because it exploits the
advantages of optical velocity meters, and gives an output in the form of an easily
decodable electrical signal; making its use for velocity measurement increasingly frequent.
Unlike other experimental techniques such as hot-wire anemometry, pitot-static tube,
hydrogen bubbles, the laser technique is much less restricted. These other methods can
provide accurate measurements but they all have two common problems. They are subject
to mechanical failure in adverse environments, and these methods require the insertion of
an object in the flow. That is they are intrusive techniques. This intrusion alters the fluid
motion in the vicinity of the sensor, which may affect the flow field to be measured.
Furthermore, the probes used in these techniques when placed in regions extremely close
to surfaces are difficult to use. On the other hand, optical velocity meters are desirable
since they do not obstruct the flow. They are non intrusive, and require no material probe
within the measurement region, therefore they allow measurements in situations where a
mechanical sensor would be destroyed (melting, chemical attack, etc.).

The principle behind laser Doppler anemometry (LDA) is quite old, and in

principle relatively simple, but it was not put in use until the 1960's because the required



hardware was either nonexistent, or inadequate. However, technical developments in
electronics and optics have made LDA possible and easier to implement. The LDA optical
signal originates from the region where two identical laser light beams cross each other. In
the crossing region, the laser beans interfere producing, at least in theory, fringes through
constructive & destructive interference. These fringes are parallel to the bisector line of
the two beams, and the distance between the fringes is easily calculated given the beam
crossing angles and laser wavelength. A particle going through the crossing region will
scatter light when it goes through the interference fringe zone. This scattered light is
collected by the LDA receiving optics, and with proper signal processing yields the
amount of time required for the particle to cross the interference zone, or measurement
volume. The distance between the fringes, and the time required to cross a specified
number of fringes being known, the velocity component normal to the fringes can be easily
calculated. Using two pairs of beams with two different wave lengths, and different
bisector orientations, and making them all cross in the same region, will give two
components of the velocity vector (called a two component or two-dimensional system).
Similarly, three pairs will give all three velocity components (a three component system).
The region where all the beams cross (the scattering or measuring volume) is typically
very small, which permits experimental measurements in regions close to surfaces without
probe interference. This possibility of taking data almost anywhere in the flow without
flow interference is one of the many advantages of LDA. Another major benefit of LDA is

that it can be used in any transparent fluid (gas, liquid) and in adverse or hostile
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environments. These advantages (and others which have not been listed here) have
rendered LDA one of the most popular techniques for measuring turbulent flows.
However, LDA does have some limitations. Solutions for many of these limitations
are still being worked out. Many of the difficulties with this technique are presented in a
report by R. Edwards [1.1], some of which are listed below:
a) Filter bias: Filter bias is the tendency of real systems to have a measurement efficiency
that is dependent on the speed of the measured particle. The two primary causes of this
effect are: the frequency response of the detection system, and the signal filter settings on
the signal burst processors.
b) Angle bias: Signal processors cannot measure velocities at all angles without some bias
or error. Any given system will only record velocities within a certain range of flow
angles. This range is called the "acceptance angle" of the system.
c) Gradient bias: A particle may be accelerating within the measurement volume. LDA is
incapable of measuring this acceleration. The system only records some average velocity
of a particle going through a specified number of fringes. Therefore, an error is introduced
due to the variation of fluid velocity within the measurement volume.
d) Velocity bias: LDA operates on signals generated by particles passing through the
scattering volume. Each signal contains information on the particle velocity which
generated it. However, two problems arise when the average velocity is calculated: (1) the
signal is random in time, (2) for a given time period, more signals are generated by high

velocity particles than slow ones. Consequently, neither straight forward time averaging or



arithmetic averaging can be used to estimate the mean velocity.
Of the many sources of measurement uncertainty in LDA velocity bias will be

investigated in this work.
The Nature of Velocity Bias

Before introducing methods which have been proposed to deal with velocity bias,
one should understand what velocity bias is, and how it arises. Velocity bias is associated
with LDA, and does not exist for many other techniques, such as hot-wire anemometry
which yields a continuous analog signal of the velocity. Such a signal is represented in
Figure 1.1, and the average of this representative velocity signal can be calculated using

the straightforward time average:

T
! {U(‘)d‘ EQ. 1.1

Time T

where Uy, indicates the time average, t is the time, and T the total time of the
experimental run. However, LDA does not produce a continuous signal. The LDA
technique most commonly employed operates on a burst mode. This means that the signal
containing the velocity information is emitted by individual particles passing through the
scattering volume. These signals, are not continuous but are random in time. Therefore, an

integral over time cannot be taken in the usual sense since the velocity signal is not
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VELOCITY

TIME

Figure 1.1: Representative analog velocity signal.




available at all times. Such events are represented by dots in Figure 1.2. The mean of such

an output is usually obtained from the straight forward arithmetic average formula:

EQ. 12

where N is the total number of measurements, and U, is the instantaneous velocity.
However, the arithmetic average, in the case of LDA, is an average which may be biased
away from the true time average given by equation 1.1. Such bias error may occur since
more burst measurements tend to occur when the velocity is high. One obtains a biased
average that tends to be higher than the true time average (U,,, > U). What is desired is a
way of calculating (or estimating) the true average, U, using only the random individual
LDV measurements, without inducing a bias.

To illustrate how this bias arises, consider the following example for calculating
the average of the simplified signal represented on Figure 1.3. The total duration of the
signal is T, with At,=At,=T/2 for simplicity. Calculating the usual time average of such a
continuous signal is done by applying equation 1.1 and obtaining:

U At +U,At, U+U,

Utime = = EQ. 13
Time At +At, 2 Q

However, for an LDA system operating in burst mode and applying the arithmetical
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Figure 1.2: Typical LDA measurement events.
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Figure 1.3: Simple output signal.



average yields:

Un, +Upn,
Upimipa = —— —— EQ. 1.4

nl + ll2
where n, and n, are the number of measurements with a velocity equal to U, and U,,
respectively. The number of measurements obtained at a certain velocity is approximately
equal to: n; ~p AV,; where p is the seed concentration (assumed to be uniform throughout
the experimental run), and AY, is the volume of fluid sampled by the LDA over the time
interval At;. This last term can be approximated by: AV, ~A U,At; where A, is the
projected area of the LDA scattering volume in the direction of the velocity. Thus,
equation 1.4 becomes:
U,U,A,p At +UUA p AL, U At +Uj At

UA,pAt,+UA pAt,  UAt +U,At,
Ul+U, U+,

= #

U +U, 2

Arith LDA

EQ. 15

In fact it can be shown that in this simple illustration U,z 1pa 2 Ugime as is the case in
LDV. This arithmetical average is therefore a biased estimate of the true average U =
(U,+U,)/2. Different ways to eliminate or reduce this velocity bias have been proposed
such as signal processing hardware modification, and weighting function correction to the
arithmetic average. The differences between these two methods will be briefly presented in
the next chapter, but only the weighting function technique will be investigated in this

paper. The principle behind this technique is to introduce a weighting function in the
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arithmetic average equation such as:

u,, =2t —rn EQ. 1.6

where w; is the weighting function for the i measurement. Proposed weighting functions
which have appearred in the literature can be separated in two major categories: transit
time weighting, and inverse velocity weighting. Yet, many weighting schemes have been
developed for each category. These velocity bias corrections methods and how they affect
the experimental results will be investigated in this study.

The goal of this study is to compare the results of different weighting function
model for velocity bias corrections. This comparison will be done using experimental data
taken in an open channel water flume with a three component LDV system. However,
before making this comparison, the different weighting factor models as well as the

experimental equipment used and the flume flow conditions will be presented.
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Chapter 2

Background

Velocity bias arises when making LDV measurements in turbulent flows.
Correcting for this velocity bias is done by either using a weighting factor correction in the
arithmetic average, or by modifying the signal processing and data acquisition hardware.
Weighting factors have proven to be more appropriate when the data to be analyzed is
gathered at a low rate (the hardware techniques typically require high data rates). The
weighting function or factors are of two different types, inverse velocity weighting
developed by McLaughlin & Tiederman [2.1], and transit time weighting which has found
many supporters such as W.X. George [2.2]. The two different approaches will be
presented later in this chapter. Furthermore, since the weighting factors will be used to
analyze data taken in a turbulent flow, turbulent characteristics of this flow will be briefly

reviewed.

2.1 Velocity Bias Correction

The first attempt to correct for velocity bias error was made by McLaughlin &
Tiederman [2.3]. They proposed the inverse of the velocity norm as the weighting factor:

w=[UHVHWI™", where U, V., W, are the corresponding velocities in the x, y, and z
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directions. Since their work, other inverse velocity correction techniques have been
proposed. Some are preferred over others for certain flow conditions, however none of
these techniques can be considered perfect. Most of these other weighting functions
attempt to model the third component of the velocity vector in various ways (e.g.: D.A.
Johnson, D. Modarress, F K. Owen [2.4]; and H L. Petrie, M. Samimy, A L. Addy [2.5]).
Another weighting factor approach proposed by W.K. George [2.6] is to use the transit
time in the LDV measurement volume as the weighting factor rather then the inverse of
the velocity;, w=At,, W K. George suggests that this technique will yield the correct
estimate of the mean for uniformly seeded fluid flows and accurately measured transit
times. These velocity bias correction techniques have been proposed for over fifteen years
but have yet to be proven totally accurate. A more recent proposal by S. Nakao, Y. Terao,
& K Hirata [2.7] uses more then just a weighting function to correct for bias. Their work
involves manipulation of the "raw" data using different statistical results. All these
different techniques have a common trend: the data is stored as the signal is received by
the LDV processor, the "raw" data is then analyzed, and the post processing analysis
corrects for the velocity bias. Some new signal processors, and computer interfaces have
been developed in recent years which acquire the data in such a way that bias corrected
estimates can theoretically be obtained without significant post processing. Several of
these new hardware correction methods are listed in R.V. Edwards' report [2.8] and their
accuracy still has to be demonstrated.

In the present work postprocessing analysis based upon the weighting factor model

12



is emphasized. In the following sections the models proposed by several different research
groups are reviewed. These models are investigated later using data acquired in a flume

experiment.

2.1.1 D.K. McLaughlin & W.G. Tiederman [2.9]

These two researchers were the first to recognize the existence of velocity bias,
and they offered the first attempt to correct for it. Their model (as well as nearly all
subsequent models by other research groups) assumes:

(1) The measurement volume is spherical.

(2) The seed concentration in the flow is uniform.

(3) The seed density is sufficiently dilute so that for most of the time there is at most one
particle in the LDV measuring volume.

The idea behind McLaughlin and Tiederman's inverse velocity bias correction
method will be explained with the help of Figure 2.1 of a typical velocity signal. For such a

signal the true time average is well estimated by:

N
> U Ay
Ute = ——— EQ. 2.1

> a,

i

where U, is an individual velocity measurement lasting for a time duration At; and N is the

13



VELOCITY

At

TIME

Figure 2.1: Continuous output signal.
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total number of measurements. However for the same LDA signal the arithmetical average

is:

N
zi: Uy,
IJAJ“hJJDA_ = - IE(). 2.2

N
Eni
i

where n; is the number of measurements at the velocity U, (U, is one of the velocity
components). It was stated in the previous chapter that n=V,p A At;, where V; indicates
the magnitude of the velocity vector for the i™ measurement: V=(U*+V+W?)*

Substituting n, into equation 2.2 yields a biased average of:

N N
Y UVApAt Y UVAL
i=1 i=1
Uitnipa = N = = N EQ.23
Y. V,ApAt, Y v,ag

i=1 i=1

This equation suggests a way to correct for the velocity bias when computing the LDA

average:

N

) Un o,

_i=1

U, = — EQ. 2.4

N
E n; ®;

i=1

using a weighting factor (w,) for each LDV measurement.
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Basing the weighting function on the inverse of the velocity vector norm (w=V;") will

yield:

N 1 N N

?_; Umy L UVAeALY, YU Ay
LDA N ] N N
Yoo~ Y VA pAL/V, Y Ay
i-1 VY, j=1 i=1

=U

e  EQ.25

Thus, the weighting factor depends on the magnitude of the velocity vector. The value of
V, requires experimental knowledge of all three components of the velocity vector since it
is equal to the square root of the squared sum of the three orthogonal components of
velocities. Unfortunately, a one dimensional LDA system has only one velocity component
available, a two dimensional system two velocities, and a three dimensional system will
give all three velocity components. Therefore, one and two dimensional systems cannot
provide full correction without modeling the unknown velocity component(s). McLaughlin
& Tiederman state (in 1973) that "there are very few if any working systems which
simultaneously record all three components of the velocity vector and all three
components are required to correctly weight the individual realizations"[2.10].
Nevertheless, for many flow conditions, the use of a three dimensional LDA system is not
justified, for example if the flow is mainly one dimensional, the streamwise velocity is
much greater than the normal and cross-stream velocities. The sum of the square of the
other two velocities might then be considered negligible when compared to the

downstream velocity contribution. It is noted here that all mean turbulence statistics are
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biased unless a correction is employed. The velocity bias correction for root mean square

turbulence quantities are obtained using relations such as:

N

N
Y o, W,-Uy > v,'w,-uy
w/ = [ = | = EQ. 2.6
N N

N\ T oy W

McLaughlin & Tiederman noted that for many flows, a correction factor based
uniquely on the streamwise component of the velocity vector was sufficient. Nonetheless,
the more velocity components available, the more accurate the true mean velocity estimate

(via equation EQ. 2.5) will be.

2.1.2 W.K. George [2.11]:

W K. George supports a weighting function in EQ. 1.6 which employs the particle
transit time, rather than the particle velocity. Basically, the concept is that faster particles
go through the measurement volume in less time than slower ones (see Figure 2.2). For a
simple representative signal such as the one shown in Figure 1.3, the true time average is:

U, At, +U, At,

U =
YR EQ. 2.7

17
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Figure 2.2: Transit time of a LDA signal.
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Generalizing this result to Figure 2.2 yields according to this theory a true time average:

N
; U, At,
U=-"—— EQ.28

Z At,
1
where At; now represents the time over which velocity V; exists. Therefore, in this method
the weighting factor is set equal to the transit time (w;=At;). So the bias correction is
achieved by multiplying the velocities by their residence times. The same weighting factor

when applied to the root mean square turbulence fluctuation gives:

N

Y ,-uy ag

w/ = | . EQ.2.9
At,

\ o Z

This method has been strongly recommended if the signal processor(s) give an
accurate estimate of the residence time, and when the particle seeding density is spatially

uniform (Edwards [2.12]).

2.1.3 D.A. Johnson, D. Modarress, & F.K. Owen [2.13]:

These researchers used a two component LDV system in their study. Not being

19



able to use the three component inverse velocity bias correction formulated by

McLaughlin & Tiederman (w=[U+V+W?]"), they proposed a simplified version of it.
Johnson, Modarres, and Owen assumed that the measurement volume is of a cylindrical
form, therefore avoiding assumption 1. This is more realistic for many LDV geometries.

From this assumption they derive the correct weighting function to be:

fU§+w§ . % % v, EQ. 2.10

where U, is the velocity component in the streamwise direction, }; in the normal direction,
and ¥ in the cross-stream direction (spanwise). d and 1 are the diameter and the length of
the sensing volume. They estimated a length to diameter ratio is of about 30 for their
system . Therefore the spanwise velocity will have little effect on the weighting factor. For
flows predominately in the streamwise direction they concluded that this velocity
component (V) was not needed. Thus, the two-component inverse velocity weighting
method should give the same results as the three-component spherical velocity bias
correction.

Johnson, Modarress, and Owen used experimental data taken in the free-shear
layer flow to investigate their proposal. They noted that at low turbulence levels
(u'/U<0.2) the bias effects in the average velocity were less then the overall equipment

accuracy.
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2.1.4 H.L. Petrie, M. Samimy, & A.L. Addy [2.14]:

Their study was made in a supersonic, highly turbulent compressible flow, and
their proposed velocity bias correction method is also derived from the work of
McLaughlin & Tiederman. In their work a two component LDV system was employed
and the third component of the velocity vector was modeled using the average root mean

squared intensity level of the two known velocities. Petrie, Samimy, and Addy proposed:

1
2 EQ.2.11
\JU":+V€+(%] o2 Q

(.\)i=

w

where U,, and V, are the two known velocity components, (a/b) is the diameter to length
ratio of the measurement volume, and o, is the average of the U & V standard deviation:
ow=(oyt0oy)/2. So for flows with low turbulence intensity, this weighting factor will be
very similar to the two dimensional velocity bias correction. In such flows, the standard
deviation multiplied with the diameter to length ratio will be small compared to the sum
of the two known velocities. This weighting factor will greatly affect the results when the
velocities are small, and the turbulence intensities are large; in the region close to a

surface for example.
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2.1.5 Shin-ichi Nakao, Yoshiva Terao, & Key-ichiro Hirata[2.15]:

These researchers proposed a technique for highly turbulent flows with poor
seeding conditions (variable flow density). Their technique does a statistical cleanup of the
existing data. Using the standard deviation as the cutoff parameter, the velocities outside
the acceptable range are rejected when computing the final statistical results. This
acceptable range can be modified depending on the flow conditions. The technique these
three researchers proposed is as follows:

(1) The mean velocity (U) and the standard deviation (u'=0) are calculated with no

correction factor; i.e. using straight unweighted arithmetic averages.

N
U
- E * EQ.2.12
N
EQ. 2.13

where N is the total number of data taken,
(2) The data are reanalyzed, and all the velocities with an amplitude larger than y standard
deviations away from the mean velocity are rejected from the data set. Uxyu' represents

the acceptable range; y being a constant.

22



(3) A weighting factor is evaluated for each of the remaining velocities:

EQ.2.14

(4) From the new range of velocities with their corresponding weighting factors, the

corrected mean velocity (Uygy) and standard deviation (u'ygy,) obtained:
f (U-yo)<U <U+yo) then
n
Z U o,
_ i

£

,
W[

v igw = EQ.2.16

where n is the quantity of velocities within y standard deviations.

This technique presents satisfactory results when compared to the one and two
dimensional velocity bias correction. However this method is susceptible to user
manipulation of the data. The turbulence intensity of the flow may be increased if the
cutoff is taken to be four standard deviations instead of three or the mean velocity can be

reduced by taking a cutoff of only two standard deviation. In the present paper, this
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technique will not be investigated.

2.1.6 R.V. Edwards [2.16]:

Edwards does not present a particular correction method, but rather reports on a
meeting of a number of recognized experts in laser anemometry regarding velocity bias
techniques. This panel attempted to create a consensus on what was known about
statistical particle bias. The researchers discussed the causes for the different statistical
bias, and how some of them could be corrected. On the topic of velocity bias, Edwards
presents the different signal acquisition and processing hardware which have been
proposed in recent years for velocity bias correction. This idea of altering the data before
storing it, allows the experimentalist to use straight forward statistics when the results are
analyzed and avoids the need for a weighting factor during the analysis of the data. In
other words, the corrections to the experimental data are made by the hardware instead of
the software. The different hardware modifications which attempt to solve for velocity
bias are:

a) Controlled Processor: the processor signal divides time into equally spaced intervals of
T seconds. For each time interval, only the first measurement is recorded. (Figure 2.3)

b) Saturable Detector: after recording a measurement, the data logger will not store any
data for at least T seconds. Then it will record the first measurement received. (Figure 2.4)

¢) Sample and Hold: a continuous analog signal is created by holding the last measurement
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Figure 2.4: Data points stored by saturable detector.
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value until a new measurement is obtain. (Figure 2.5)

All of these hardware methods are unconditionally recommended by the panel only
for flows with high data density, and data rate. Data density is defined as the product of
the rate that a free running burst processor measures particles (the validation rate) and the
time necessary for the flow velocity to change one standard deviation (the Taylor time
microscale). The hardware manipulation is becoming very popular. This growing
popularity is understandable since it simplifies the manipulation of the experimental results.
However in many LDA applications, such as the one made for this study, the data rate
and density is low. The most commonly employed methods for the velocity bias correction
in such cases are based on the weighting functions. Unfortunately, Edwards panel of
experts does not recommend any velocity bias correction scheme for low data density
and/or rate.

Some of the weighting techniques presented will be used to analyze the data taken
in the open water channel. The results obtained by the different correction methods will be
discussed using flow parameters specific to fully developed turbulent flow. The

interpretation of these parameters is introduced in the next section.

2.2 Open Channel Turbulent Flow

In this section no attempt is made to thoroughly review turbulent open channel

flow. There is much literature on this topic such as [2.17,18,19]. The goal here is to briefly
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review the general nature of turbulent channel flow and identify the different parameters
which are used to characterize the flow. These parameters will be calculated in later
sections to compare the various correction models. Some of these parameters are specific
to certain regions within the boundary layer, and it will therefore be necessary to discuss
these in more detail.

Since the different regions of the turbulent flow are best characterized by the value
of certain parameters, these parameters will be defined before identifying the boundary
layer's regions. The parameters which are presented for this fully developed turbulent flow
are: the mean velocity, the standard deviation, the cross terms, the shear velocity, and the
| dimensionless velocity and height. The first two terms, the mean velocity (U) and the
standard deviation are evaluated using the different weighting functions already presented.
These parameters are not restricted to one dimension. For the flow used in this study, the
velocity vector has three components which are labeled: U, V, W for the x, y, z direction;
and corresponding standard deviations: u', v', w'. Figures 2.6 and 2.7 show the coordinate
system used throughout this paper.

The cross terms represent the transport of momentum by the turbulence across the
boundary layer. When multiplied by the fluid's density, this quantity has the dimension of a
stress, and is called the turbulent shear stress or the Reynolds stress. In a two-dimensional
flow such as the one considered in this work, the only important cross term is <<uw>> (in
~ the coordinate system used here). The cross term starts at zero (at the wall the velocities

are equal to zero by the no slip condition), and increases in the laminar sublayer. The
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relevant covariances or Reynolds stress terms which will be of interest are the 'shear’
stresses: <uv>,< vw>,<uw>. The latter being the most important, since it represents the
Reynolds stress in the streamwise direction. The average value of the cross term is the

covariance and is estimated by:

N

Z U -O#F, -W)o,
<uw> = X1 EQ. 2.17

N
ka

k=1

where N is the total number of measurements, and w, is the weighting function, U, and W,
represent individual measurement of the x and z components of velocity.

The friction velocity (U*) is a parameter used to represent the average wall
friction stress (also frequently called the shear velocity). It is defined by: U*= [t,, /p]*
where 1, is the average wall shear stress, and p is the fluid density.

The friction velocity is used as a scaling quantity for the velocity and the distance
from the wall. In the wall layer the appropriate dimensionless velocity is U* = U/ U*,
while the dimensionless length is obtained by introducing a Reynolds number: z* =z U*/ v
(v is the kinematic viscosity).

The dimensionless height is useful for categorizing the different flow regions
within the turbulent wall layer. These different regions will now be described. For
illustrative purposes, then, Figure 2.8 represents a typical turbulent velocity profile for a

" region close to a flat surface. This figure has not been drawn to scale in order to more

32



|
Fully :
Region V Turbulent |
Flow :
|
8 |
|
— |
3 |
= Region IV :
g |
1<) |
& |
© 1
(34 |
g |
1] 1
- |
a Region III * A
|
; | Wall Layer
Region II Viscous A ! Y
0 Y v
Region I Mean Velocity

Figure 2.8: Mean velocity variation in a fully developed turbulent boundary layer.
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clearly identify the different regions of the flow. For sufficiently large Reynolds number,

turbulent wall layers consist of five characteristic regions; they are briefly described below.

1- Region I: The viscous Sublayer (z"<5-7)

In this region, the fluid motion is dominated by the viscous effects. Turbulent
fluctuations are suppressed by the presence of the wall, therefore the Reynolds stresses are
relatively small in this region since the cross-stream and normal velocities are approaching
zero at the wall. This region is also call the linear sublayer: if one graphs on a linear scale
the mean streamwise velocity versus the distance from the wall, the relationship is linear.
An other name for this region is the laminar sublayer. This name comes from the fact that
near a smooth, solid surface, the velocity fluctuations must be strongly damped, since right
at the wall the RMS levels must be equal to zero. Thus, there is a thin layer of fluid near
the wall within the turbulent boundary layer, which is reasonably termed "laminar"
although the motion in this region is far from steady. The existence of this laminar sublayer
is confirmed by observing that U'=z"in this region.

2- Region II: The buffer layer (5-7<z"530)

In this region, turbulent activity is near a maximum, and the Reynolds stress
becomes as important as the viscous stresses. It is in this region where the turbulence
production rate is a maximum and the motion is highly intermittent.

Region I, and IT make up the viscous layer. In this region the molecular viscosity
has a significant role in the generation of friction and in the extraction of energy from the
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mean flow. Such a viscous layer will only exist when the wall roughness is small compared
to the thickness of the viscous layer. That is, if roughness elements on the surface project
beyond a typical viscous sublayer thickness, the viscous sublayer is not considered
relevant. In this present investigation only a smooth wall is considered and the viscous
sublayer is clearly present in the reported measurement.

3- Region III: The fully turbulent layer (30<z"<300).

In this region, the viscous forces are considered negligible compared with the
turbulence effects. If the Reynolds number is large enough this region is characterized by a
logarithmic dependence of the velocity on distance from the wall and this region is
sometimes termed the logarithmic region. When plotted on a semi-log scale, the fully
turbulent layer appears as a straight line. The equation of this straight line is: U™= A In(z")
+ B, and is called the Law of the Wall. A & B are dimensionless constants. The constant A
(the slope) represent the eddy viscosity near the wall: the rate at which turbulent mixing
develops at points progressively further from the wall. The constant B specifies the "slip"
within the viscous layer interposed between the smooth wall and the fully turbulent flow.
Regions I, II, and III make up the wall layer.

4- Region IV: The outer turbulent shear layer (3005z*<5000-7000).

In fully developed flow this is wholly turbulent. The turbulent motion is driven by
the wall layer, and has much in common with the outer part of a turbulent wake or jet.

Region III, and IV make up the fully turbulent flow. In this region the largest
scales of motion are independent of viscosity. They are responsible for stress generation
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and turbulence production.
5- Region V: The outer flow (z"25000-7000)

This region is largely independent of the wall flow, and in some cases this region is
an essentially irrotational field into which the wall turbulence spreads.

In the present case of fully developed turbulent open channel flow, Region V is not
particularly important. In the present work only Regions I, I, and III are experimentally

investigated.
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Chapter 3

Experimental Apparatus & Technique

The equipment used to collect the necessary experimental data for this study, and
its mode of operation will be described in this chapter. The data collected by the apparatus
is then analyzed using different weighting functions. The experimental data are also used
to evaluate some of the characteristic flow parameters. The different procedures used to

evaluate these parameters is explained in the second part of this chapter.

3.1 Equipment

The equipment used to investigate velocity bias consisted of a three component
laser Doppler anemometer system and an open-surface water channel. The water flume
employed to produce an open channel flow is long enough to create a fully developed
turbulent flow in the region where the measurements are taken. The flow conditions can
be modified by: (1) varying the slope of the flume and (2) changing the depth of the flow.
Flow depth variation may be attained in two different ways. The water in the flume
recirculates at a rate controlled by variable speed pumps. For a fixed slope channel, it is
this rate that controls the flow depth. Another way to adjust the depth is to raise or lower

the gate installed at the exit of the channel. In the present case a single fixed operating
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condition, constant depth and flow rate, is studied.

The water channel itself is made of clear plexiglass. This transparent material
makes it possible to install the LDA system adjacent to the flume enabling the LDA laser
beams to enter the water through the clear side wall of the flume (i.e. Figure 2.7).

The LDA system is a TSI corporation model 9100-12 LDA system. This system
uses a four-watt Argon-ion laser (Lexel Model 95). The beam output from the laser is split
into secondary beams each at a different but precise wave length. Of these secondary
beams, only three are needed, so the most powerful ones are kept: Green (514.5 nm), Blue
(488 nm), and Violet (476.5 nm). The wave lengths change with the index of refraction, so
that in water the wave lengths become: Green (386.84nm), Blue (366.917nm), and Violet
(358.27nm). This assumes a 1.33 index of refraction for water. Each of these three beams
is handled in the same manner. The optics used is the same for each of the three channels.
Beamspliters are used to produce a pair of beams in each color.

The two beams produced in each channel color are parallel to each other, have the
same wavelength, and are in phase. One of the two beams in each channel is shifted in
frequency using a frequency shifter (TSI Model number: 9180). Shifting the frequency of
one beam relative to the other permits the determination of flow direction and can also
move the signal to a more convenient frequency range for filtering. The optics module
contains a Bragg cell to shift the light beam frequency. The range of the shift frequency is
from 2kHz to 10MHz, and can be adjusted to different levels within that range. The

several beams are focussed through transmission optics and converge at the same point in
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the different correction models does not seem to be affected by the turbulence intensity of
the flow. This is best represented by the results obtained using a simple arithmetical
average whose bias from the reference values decreases as the dimensionless height , z*,
increases. The "error" amplitude associated with this model are the most important. They
are larger than 40 percent for the measurements taken within the viscous sublayer and
reach a fairly stable value (about 5 percent) far above the wall (z*). The inverse velocity
techniques produce results with a lower "error" amplitude than the "no correction"
method. Yet the 1-D method produces results that vary by more then 20 percent for the
two measurements closest to the wall. Throughout the rest of the flow these variations are
generally less then 2 percent and can be considered negligible. The results of the other
inverse velocity methods (2-D and the PSA on/off axis) agree perfectly with each other for
the measurements taken outside the viscous sublayer and the level of variation from the
reference values in negligible (less then 1 percent). Some small differences between these
techniques do exist in the viscous sublayer. The PSA off-axis gives results slightly closer
to the reference values signifying that the off-axis scheme produces a better estimate of the
spanwise velocity component the on-axis technique. However the accuracy of this velocity
component is poor for the measurement taken closest to the wall. Here the PSA technique
is less accurate than the two-component model (Figure 4.24). Therefore no benefit is
gained in the kinematic Reynolds stress evaluation by using either of the PSA techniques
instead of the simpler 2-D method, at least in this flow. Using the transit time technique to

evaluate the kinematic Reynolds stress gives results that are in better agreement with the
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reference method compared to the straight arithmetic average calculation (Figure 4.25).
Yet, the differences when compared to the three-component inverse velocity correction
model are large and significant throughout the entire flow. More troublesome 1s the range
of the fluctuation from one channel residence time calculation to the other. This
fluctuation between the different transit time technique was already identified with the
mean streamwise velocity and the RMS comparison. These fluctuations are much larger
here, making it hard to recommend this technique to estimate the kinematic Reynolds

stress.
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Chapter 5

Summary and Conclusion

The purpose of this paper was to investigate the behavior of different weighting
factor models used in LDA to correct for velocity bias. To make these comparisons
measurements were collected in the viscous layer of a two-dimensional fully developed
turbulent flow using a three-component LDA system. The flow was created in an open
water channel operating at a Reynolds number of 14,766 based on the depth flow was
experimentally investigated. The data thus collected was analyzed using straight forward
arithmetic averaging, inverse velocity and transit time weighting. Different models of the
weighting functions were used and the results are discussed in greater detail in chapter 4.

In reviewing the results in figures 4.11 to 4.25 the same behavior in the results was
observed regardless of the method used to analyze the experimental data. The variations in
the computed quantities were largest for measurement obtained close to the wall.
Consequently it would appear that the performance of the weighting function correction
varies with the turbulence level of the flow which varied between 10-43 percent for the
streamwise direction (i.e. Figure 4.3). At the lower turbulence intensity the results from
the different weighting methods were in better agreement.

From the streamwise mean velocity figures presented (Figure 4.11 to 4.13) it can

be observed that the results obtained by straight arithmetic averaging produced higher
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values of the computed mean velocity, as expected. Figure 4.9 demonstrates that this bias
toward higher values is proportional to the square of the turbulence intensity. The mean
velocities obtained with the different inverse velocity correction methods were in
extremely good agreement with each other. They did not deviate from one another by
more then 1.4 percent throughout the flow. Therefore if one is only interested in the mean
flow velocity, using the one-component inverse velocity correction method will give
results nearly as accurate as the three-component method at least in flow similar to the one
studied here. Yet this technique gave the smallest velocity estimates indicating that this
method may over correct for velocity bias. When the transit time technique was used to
weight the data, the results were disappointing since they are similar to the ones obtained
without correction. The other disturbing result was that the computed mean velocities
from the different transit time models were not identical. This discrepancy is apparently
due to an incorrect calculation of the residence time. Whether this error comes from the
burst counters or the data acquisition software in unknown at this point.

When comparing the RMS velocity levels (Figure 4.14 to 4.22), the level of the
bias varied depending on the region of the flow investigated, with no clear dependence
upon the turbulence intensity. The bias in these statistics was always toward higher values
for the measurements taken in the viscous sublayer. The inverse velocity weighting
technique produced the largest estimates of the RMS values. Thus this weighting method
will give the largest local turbulence intensity since it also gave the smallest local mean

velocity estimates. For the RMS velocity levels the two-component model appears
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preferable to the one-component method since the differences between these two models
are fairly significant in the normal RMS component (Figure 4.21). Furthermore, the
inverse velocity technique proposed by Petrie, Samimy and Addy did not show any
improvement over the two-component model. The results for the different transit time
model are shown in figures 4.16, 4.19, and 4.22. No accuracy is gained by using this
technique since here again the results of this technique are comparable to the "no
correction” results. It is therefore not possible to recommend the transit time weighting
method unless the residence time can be precisely obtained. Furthermore one should be
especially careful when using this weighting model with a one-component LDA system.
Not having any bases of comparison, the true parameters are not known and a comparison
of the residence times with the other channels is not possible. It would be hard to know
the accuracy of the residence time calculation.

The last parameter presented was the kinematic Reynolds stress, <uw> (Figure
4.23 to 4.25). For this parameter the variations between the different weighting techniques
are more significant (over 90 percent at the highest turbulence levels). The different
inverse velocity models give the most consistent results and the best results are obtained
with the two-component model. The results for the transit time models are even more
different from one channel to the other when calculating the kinematic Reynolds stress

compared to the mean or RMS behaviors.
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Conclusions:

The data averaged without any correction method did produce a biased result. This
experimentally obtained bias was consistent with Dimotakis' theory. The poor results
obtained with the transit time model are likely due to an error in calculating the residence
time of each channel. This error did not come from an erroneous manipulation of the
experimental data since the same technique was use to calculate the residence time of each
channel. Had it been such a case the error would have been consistent and the results
obtained by using the residence time of each channel would have been similar. This was
however not the case and the source of the error appears to have come from the burst
counters and/or the data acquisition software. The different inverse velocity correction
models used gave results which were consistent with each other. Which model to use
depends on the flow studied, the parameter which is of interest, and the LDA system
available. For the flow studied here, the three-component method was employed since a
three-component LDA system was available. However the mean velocity results from the
one-component correction model were nearly as accurate, not justifying the use of a three-
component correction model if one is only interested in this parameter. When evaluating
the RMS velocity levels and the kinematic Reynolds stress the experimental data should be
weighted with at least two velocity components. For these parameters the one-component
results were very different from the others in the regions of high turbulence and is

therefore assumed to be less accurate. The other inverse velocity correction model
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investigated was the one proposed by Petrie, Samimy and Addy. For the flow used here,

this technique did not show any improvement over the two-component correction model.

Suggestions:

When analyzing the experimental results two problems are of major concern.
Knowing which velocity bias correction model if any produced the best estimate of the
true value would have allowed a better assessment of the models. Using another
experimental technique such as hot wire anemometry could perhaps provide such
information. However this experimental technique is also inaccurate and difficult to apply
in the regions close to the wall where the bias effects are most significant. As an
alternative, a better estimate of the "true" values might be obtained via LDA under certain
conditions [5.1]. It is generally viewed that if the LDA data rate if very high velocity bias
effects are negligible and the true values are obtained by straight forward arithmetical
averaging. Furthermore some signal processing and acquisition hardware suitable for high
data rate has been developed for this purpose. Unfortunately the exactness of these
hardware techniques could not be investigated here since the experimental data used in
this study was obtained at a very low data rate.

Knowing the extent of the flow uniformity was also a major problem when
analyzing the data. Using the current seeding technique, the seed concentration was

adjusted to obtained an acceptable data rate for the measurements taken very close to the
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wall. Therefore the density of the seed is unlikely to be constant in the regions close to the
wall. Far from the wall the seed concentration can be considered uniform due to the
turbulence mixing of the flow and recirculation of the seeded flume water. Running seed
concentration tests would perhaps reveal the extent of this concentration nonuniformity

and the extent of its effect on the calculated results.
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