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Preface

It is well known that laser-Doppler anéemometry can be used to effect local -

velocity and velocity-correlation measurements in -fluids which are transparent
and which contain particles suitable for light scattering. The precision of
measurement depends substantially on the particular instrumentation and the
flow and is often difficult to quantify. The contributions contained in this
‘volume were presented at an International Symposium which had the following
purposes:

— To establish the value of measurements by laser-Doppler anemometry by

discussing possible sources of error and the consequent precision.

— To demonstrate the range of applicability of laser-Doppler anemometry and
the precision of measurements achieved.

It was held at the Technical University of Denmark from 25th — 28th August,

1975.

This volume of proceedings makes avmlable papers which were presented at
the Symposium and, thereby, makes the results of the deliberations at the
Symposxum available to the scientific community at large.

The Symposium is clearly reflected in these proceedings. It contains papers
which are presented in five sections and which relate respectively to the
Characteristics of the Doppler signal, signal processing techniques, light-
scattermg partlcles systems and applications. They are proceeded by a general
mtroductxon prepared by the Editorial Board, which provides a foundation for
the subsequent sections by describing the basic principle of laser-Doppler
anemometry, introducing terminology and making reference to the more
important past contributions. The sections dealing with the Doppler signal and
signal processing provide papers which are particularly concerned with the
quantification of obtainable precision. The three papers which discuss particles
describe methods of measuring particle size by optical techniques which are
complementary to laser-Doppler anemometry; they are also concerned with the
precision of measurement. The various complete laser-Doppler anemometers
presented at the Symposium are described under Systems and the Application
‘Section discusses, often in a few pages, a wide range of flow conﬁgurations
which have been investigated by laser-Doppler anemometry.

The volume cannot completely communicate the stimulating atmosphere of

the Symposium, but we hope that it will assist experimenters to appreciate
current views of leading researchers and that, as a result, they will be able to
assess the value of laser-Doppler anemometry for their application and the
likely precision of measurement.

The Symposium was arranged at the initiative of the Technical University of
Denmark and DISA ELEKTRONIK A/S; we are glad to acknowledge their

]
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contribution. In particular, we would like to thank Mr. N.J. Madsen and Mrs. B.
Christensen for their advice and the time which they generously gave to the
organization of the Symposium.
v d
(5

December, 1975 The Editorial Board
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Introduction

‘In many areas of science and technology it is of vital importance to be able to

measure the local velocity of various types of liquid or gaseous flows. Design
problems or experimental verification of theories within scientific disciplines
ranging from mechanical and aeronautical engineering to such diverse field as
biology, medicine, meteorology and oceanography, to name a few, require
detailed knowledge of. three-dimensional flow fields. The flow velocities of
interest range from the extremely slow motion of biological fluids in capillary
tubes or oil films to the hypersonic speeds in wind tunnel tests.

The laser Doppler method with which we are concerned in this Proceedmgs
volume has already been successfully applied to many of these measurement
problems and the Laser Doppler Anemometer (LDA) has developed into a
research tool of unique properties. It is potentially able to solve many so far
inaccessible flow problems and often allows measurements to be carried out
with greater precision and convenience than previous methods. However, it is a
technique which is not always straight forward to use and the measured
velocity values may need to be corrected for certain effects having to do with
the fundamentals of the laser Doppler measurement. .

In the preceding years much effort has been invested to achieve a better
understanding of the fundamental principles of the laser Doppler method and

to develop and perfect the optical and electronic hardware. The intention with*’

the LDA-SYMPOSIUM in Copenhagen 1975, which is also reflected in the
selection of papers presented in this Proceedings volume, was to focus the
attention on a particular aspect of laser Doppler anemometry, namely the
accuracy attainable with the various optical methods and types of signal pro-
cessors. The aim was to help in establishing the theoretical boundaries for the

LDA-method in flow measurements and the extent to which present day LDA-"

technology is able to approach these boundaries in “practical measurement
situations. By bringing together experts in LDA-theory and the fluid mechanics
researcher, who uses the technique for a specifiec-ptirpose, it was hoped to bring
about new insight into the fundamental-problems of LDA and to learn to
extend the method to still further applications.

Optical methods for local flow measurement using incoherent light sources
are possible, but not very pﬁctlcal and pre-laser flow measurements were
nearly exclusively carried“out by means of mechanical probes (pitot tubes,
hot-wire or hot-film probes) supported at the point. of measurement by mech-
anical means. Such methods obviously are likely to exert uncontrollable in-
fluence on the flow phenomenon under study. In cases, where the flow region
is accessible for light beams either through windows or through transparent
sections, optical methods have the great advantage of introducing negligible

ST R S
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distortions into the flow field. The laser Doppler method, which is based on the
detection of the Doppler shift of laser light scattered from small particles
moving with the medium, furthermore has the potential of complete linearity
between transducer response (Doppler fredﬁéncy shift) and velocity. In con-
~ﬁ'ast, other commonly used transducers such as the pitot tube or the hot wire
“are only approximately linear within limited ranges. Thus the advent of the gas
laser as a source of coherent, highly collimated light presented a welcome
~ opportunity to improve and extend available flow measurement techniques.

Historically LDA grew out of work at Columbia University by Cummins et al
on light beating spectroscopy in the early sixties !»2,3). By analysis of the

- spectrum of the photodetector current, caused by photo beats between light
scattered from small particles moving with the medium through a focused laser
beam and a reference beam derived directly from the laser, it was possible to
determine the local mean velocity of the flow and also to obtain an estimate of
the turbulence intensity. In the following years various types of optical con-
figurations were analyzed 4-%,6.7,8) and the properties of the detector current
(usually known as the Doppler signal) from the point of view of various types
of electronic signal processors were analyzed ?>'%.11,12) In recent years, the
properties of LDA-systems based on the detection of single particle traversals
have received a great deal of attention. It has turned out that neither signal
processing nor the subsequent data processing of the measured velocity data
(e.g. the calculation of correlation functions or velocity power spectra in the
case of single particle detection) were as simple as initially assumed. Much of
the progress in recent years has been reported (and initiated) at a series of
LDA-meetings and workshops around the world, (for example, refs. 13,14,15)
and even now the amount of literature on LDA and related techniques shows
that the field is still developing and that further progress can be expected in
coming years.

As previously implied, the main ingredients of any LDA-arrangement are the
laser source, the optical transmitter/receiver and the electronic signal processor.
These elements are basic for the discussions in the papers in the following part
of the book. We do not here pretend to be able to bring a thorough intro-
duction to LDA in a few pages (see, for example ref. 16), but merely wish to
name the main terms used in the general LDA-measurement and perhaps clarify
the definitions of a few concepts frequently used in the following pages.

Various physical models have been used to describe the laser Doppler prin-
ciple. Most often it is described as a beat or heterodyning on a square law
optical detector of two optical fields having slightly different optical frequen-
cies as a result of one or both fields having been scattered from small particles
moving with the medium through the point of measurement. Another expla-
nation of the Doppler phenomenon describes the Doppler frequency as result-
ing from the detection of light scattered from particles passing through a real or
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virtual set of “intensity” fringe planes which are themselves a result of the
interference of two optical fields in the measuring volume. However, this so-
called fringe model should not be used too rigorously. The fact that the non-
linear process, which causes the difference frequency to appear in the detector
current, is actually taking place at the square law detector (after the scattering
process) and not in the intersection volume of the laser beams (before or
independent of the scattering process) explains why the fringe model fails to
describe the concept of coherent detection, when scattered light from many
particles reaches the detector !7,!2,!°). Still other descriptions of the Doppler
method visualize the LDA as a special form of a Mach-Zender interferometer,
in which the optical path length is modified by scattering from the moving
particles, or use the language of quantum mechanics to explain the Doppler
frequency shift.

Properly used, however, all models result in the well known formula for the
Doppler shift, fp:

fp =27V - (ke- k;)

where V is the particle velocity, and kg and k; are the wave vectors of the
scattered and the incident light waves mspectlvely In a coordinate system with
z-axis along the bisector of k; and k; and x-axis in the plane of ks and k; the
expression becomes

fp = (2Vy/Nsin(6/2)

where @ is the angle between the two wave vectors, A the wavelength of the

laser light in the medium and V, the projection of the velocity vector on the -

x-axis. In laser Doppler measurements, the light field may be considered a

superposition of elementary plane waves, and the resulting Doppler current

consists of a time varying d.c. part iz (t) of relatively low frequency and a
Doppler frequency modulated a.c. term of time varymg amplitude i, (t) and
phase ¢(t):

i=igo(t) +i,.(t)cos(2afpt + @(t)).

The function of the LDA optics is partly to transmit and direct the laser
light into a small, well defined volume at the desired point of measurement,
and partly to receive the scattered light and direct it to the photo detector. The
optics selects two light beams originating from the same laser of which at least
one consists of scattered light from the measuring volume. These two beams
must be combined such that their wavefronts are parallel and overlapping at the
surface of the photodetector. The splitting and recombination of the beams

SR TN > G
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.can be realized in a great number of ways as is evident from the early LDA-
literature. It has been established that the most stable systems are those in
which the recombination of the two beams takes place within the measuring
volume by means of the scattering particles themselves: by causing two beams*
to intersect in a common focal volume light scattered from one beam is auto-
matically injected into the other.

There are different criteria by which to define the various LDA-modes. By
noting how the two recombined beams are selected one may distinguish be-
tween three modes to which all LDA-systems may be referred: (1) the reference
beam mode in which one beam, the reference beam, is derived directly from
the laser by means of beam splitters and mirrors and the other beam consists of
scattered light from the measuring volume; (2) the dual beam mode (also
known as the differential or fringe system mode) in which the two recombined
beams are composed of scattered light from the same measuring volume, but
scattered from two different incident beams intersecting in the measuring
volume; and (3) the dual scattered beam mode in which, by means of beam-
splitter and mirrors, two beams of light scattered in two different directions
from one incident beam are recombined on the surface of the detector. Today
most LDA measurements are carried out by means of integrated optical units
capable of operating in two or all three of these modes 2°). Systems employing
backscattered light do not differ from forward scatter systems in principle, but
the low intensity of backscattered light from small particles necessitates special
care in the design of backscatter systems. ’

Another concept often used in describing LDA-systems is that of coherent
versus incoherent detection. In coherent detection, which is of special impor-
tance when many particles are present in the measuring volume of one time, the
receiver aperture- A and the solid angle £ subtended by the measuring volume
as seen from the detector satisfy the antenna condition A < A2 21). In this
case the detector current is of the form (Z)nEn)2 , where E, is the contribution
to the field at the detector from the n’th particle, and the signal-to-noise ratio
of the detector current is proportional to the number density of the scattering
particles. As the receiver aperture is increased beyond the size given by the
antenna condition we reach the realm of incoherent detection, where ultimate-
ly the current reduces to the form X E 2. Although more light reaches the
detector, the coherence is reduced resulting in a reduction of the contributions
from beats between different particles. In the many particle case this results in
a signal-to-noise ratio largely independent of A, when A is larger than the size
given by the antenna condition. The signal-to-noise ratio of the current result-
ing from beats between light scattered from the same particle increases, thus
explaining the superiority of the fringe system in cases where on the average
ess than one particle is present in the measuring volume at a time.

The electronic signal processing is decisive in determining the over-all char-
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acteristics of an LDA system, especially with regard to the magnitude and type
of errors in the measurement. Already a surprising variety of signal processing ) 4
methods have been applied in LDA measurements. £
One of the first signal processors used in LDA-work, and one which even
today is a useful tool, is the conventional spectrum analyzer. The measured
probability density distribution of frequency allows the mean velocity and
correlations of the fluctuating velocity to be determined. The operation of the
spectrum analyzer as an LDA-processor and the associated measurement errors,
which result in both a skewness and a broadening of the spectrum, are now 3
largely understood !°). The multi-channel spectrum analyzer or filter bank ;
operating in a time averaging mode has the same characteristics as the spectrum
analyzer, but improves one of the basic weaknesses of the spectrum analyzer,
the inefficient utilization of the signal caused by the necessity of sweeping the *
filter across the whole frequency range of interest 22). Another averaging
system is the photon correlator which directly censtructs the time averaged
autocorrelation function of the detector signal !2). Correlators are multi-
channel instruments and in principle as efficient in utilizing the available signal ‘
information as the filter bank. For economical reasons however, present corre-
lators work with an internal one bit quantization of the signal (hard limiter)
thus losing some signal information on that account.' Only in the limit of very -
weak scattered light, where the detector signal approaches a one-bit form any-
how (photon — no photon), does the photon correlator come into its own as one
of the most efficient LDA-signal processors. All time averaging systems are of
course unable to provide information relating to the short time history of the |
flow fluctuations thus preventing the formation of turbulence spectra and re- 1
1

lated information. The first system capable of real-time information was the
frequency tracking filter or tracker’ based on a phase or frequency locked

~ loop 23). In order to maintain lock this processor most naturally works with i
continuous or quasi-continuous signals. Although present trackers have built-in ;
”drop out detection” and hold” features, the interpretation of tracker out-
puts from signals with a large percentage drop out time still presents a problem.
The ”’burst counter” or LDA counter was developed as an alternative to the
- tracker for applications in which appreciable signal drop out occurs,24,25), It is
basically a timing device which measures the time for a certain number of zero
crossings of the high pass filtered Doppler signal. The measured time is the time °
of flight of a particle through a corresponding number of interference fringe
planes in a fringe mode LDA. Fast digital electronics calculates the velocity by ; ‘
inversion and multiplication by the appropriate scale factor and presents a '
digital output immediately following each measurement. In most cases, coun- =4
ters are used in situations where the data rate is far below the data rate required E
for a real-time analog output, and the required flow parameters must be found |
by statistical analysis of the counter output data. The errors associated with the e
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non-uniform sampling provided by the particle arrival rate in. various optical
configurations and flow situations are presently a matter of high priority and
are also the subject of a number of papers in this publication.

 The counter and the tracker, at least in their conventional forms; are in a
certain sense complementary: the counter must be ready to accept bursts
within the whole frequency range of interest with equal probability, and must
“therefore have wide band characteristics, whereas the essential property of the
tracker is its narrow band character. Conversely, the maximum slew-rate, i.e.
maximum acceptable rate of change of Doppler frequency, which limits the
frequency response of the tracker, is a problem which in principle does not
exist in counter measurements (in practise, signal validation circuits introduce
slew-rate limits even for the counter). The wide band character means that the
counter normally requires a better signal-to-noise ratio, and thus higher laser -
power than tracker based systems, for their proper operation.

Other methods of signal processing have been used or proposed, and the
more conventional methods have been combined to obtain special advantages.
As an example it has been proposed to combine the LDA-counter with a fast
automatic filter bank at the input to improve signal-to-noise ratio !¢) or to
combine a fast and a slow loop in a tracker to improve speed and lock range.
Recently both the filter bank and the photon correlator have been constructed
for operation on single Doppler bursts with the ultimate goal of providing
real-time output. Also along these lines are the attempts to use fast A/D con-
verters to digitize the LDA-signal for on-line computer analysis. Reports on
advances in many of these projects are to be found in this publication. Finally
in this summary of signal processing methods it must be mentioned that the
Fabry-Perot etalon has been successfully used as a purely optical signal pro-
cessor for high frequency continuous signals, and that also this method recently
has been extended to real-time analysis 2¢).

An important concept in LDA-measurements is that of optical frequency
preshift. Frequency shift by means of Bragg cells was used early on in the study
of diffusion broadened optical spectra 27). Since then a number of practical
methods have been developed, and the use of frequency shift has become a
factor of great significance 22). An optical frequency shift not only allows the
direction of the flow velocity to be determined, but also improves the perfor-
mance of electronic signal processors in the case of highly fluctuating flow vel-
ocxty, 29,30). ' ;

The origins of noise and measurement error in an LDA-system may be clas-
sified into two groups: The first comprises purely electronic noise from the
optical detection process (shot noise) and from electronic circuitry. The other-

> causes noise which is present even in cases of good electrical signal-to-noise
ratio and is a consequence of the random distribution of scattering particles. A
third possible type of measurement errors in the determination of the flow
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velocity is related to the fact that the LDA-method measures the velocity of
scattering particles inbedded in the medium, not of the medium per se. Thus it
must be ascertained that the size of particles active in the measurement are
actually following the motion of the fluid with negligible drag error.

The LDA distinguishes itself in an important way from many other flow
velocity transducers: the input/output conversion factor (velocity vs Doppler
frequency) for the laser anemometer is independent of the material parameters
of the medium. The only property, which affects the beam path in a trans-
parent medium, is the index of refraction n, but as one can readily see from
simple ray tracing the Doppler formula is independent of the index of refrac-
tion: X and sin(8/2) both scale with n. Index gradients in two phase flows or in
flows containing temperature, pressure or density fluctuations do not influence
the relation between the Doppler shift and the particle velocity directly. Indi-
rectly the accuracy of the measurement is influenced by the uncertainty as to
the actual location of the measuring volume or by lens effects causing changes
in the intersection angle.

Even when no index gradients are present, the random distribution of the
particles introduces uncertainties into the measurement. If spatial or temporal
velocity gradients are present, the finite size of the measuring volume will cause
a fluctuation of the output as particles of random position pass through the
volume. These measurement errors are common to all types of LDA-systems,
but the way in which they materialize depends on the particular signal pro-
cessor. In spectral measurement the term broadening is used; in tracking
systems “ambiguity’’ noise; in counters r.m.s. noise and biasing. These phenom-
ena are treated in detail in several of the following papers. Also the matter of
electronic noise and its consequences for the measurement error and the ques-
tion of particle drag errors are considered in later sections of this publication.

At the present stage the value of the LDA as a useful measuring technique is
well established. The range of. applications is evident from the many important
contributions assembled in the last section of this Proceedings. These appli-
cations illustrate the applicability of the LDA technique to widely different
flow problems. A still wider acceptance of the technique will doubtless follow
with future improvements in the basic technique and with a further simplifi-
cation of the operation of LDA-instruments. Also needed are correction pro-
cedures or algorithms for error and bias compensation and possibly the devel-
opment of LDA-systems containing automatic correction procedures as an inte-
grated part. However, the great variety of flow situations and measuring situ-
ations are unlikely to ever replace sound judgement by the user on the possibil-
ity of applying the LDA-technique to his particular problem.

i
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