
Optical Experimentation



Technical Basis for Optical Experimentation

The nature of light
According to classical electromagnetic theory, light is considered to be radiation
that propagates through vacuum in the form of electromagnetic waves boththat propagates through vacuum in the form of electromagnetic waves, both
oscillating transversely to the direction of wave propagation and normal to each
other.

Electric field

Magnetic field
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Technical Basis for Optical Experimentation

Light propagation through a medium

Interpretation of light refraction 
at the interface between two 
media as the rotation of wave 
fronts.



A lens can be used to change the shape of g p
wavefronts. Here, plane wavefronts
become spherical after going through the 
lens.



Illumination



Color related Terminology



Laser
Laser: Light Amplification by Stimulated Emission of Radiation 

How a laser works:How a laser works:

•Radiation energy is produced by an activated medium (can be gas, crystal, 
semiconductor or liquid solution)
•When a photon, having energy E=hv, approaches the particle, the photon may be 
absorbed causing an electron to be raised temporarily to high-energy level.
•When the excited electron return to its ground level, energy emission would take 
placeplace.













Photodetector

Photo detector is a device to convert light to an electric current through photo 
electric effect.

Two kinds of photodetector:
-Photomultiplier tubes (PMT)
Photodiodes (PD) or photo electric cells-Photodiodes (PD) or photo electric cells



Flow Velocity Measurement Techniques



Laser Doppler Velocimetry 
(LDV)

(Ref. Dantec Dynamics literature)



Why Measure?Why Measure?
• Almost all industrial flows are 

turbulent.
Al t ll t ll i• Almost all naturally occurring 
flows on earth, in oceans, and 
atmosphere are turbulentatmosphere are turbulent.

Turbulent motion is 3 D vorticalTurbulent motion is 3-D, vortical, 
and diffusive governing Navier-
Stokes equations are very hardq y
(or impossible) to solve.



Characteristics of LDV

The history of laser doppler velocimetry (LDV) started when the
first lasers became readily available between 1964-1970.

In the beginning of 70s, an increasing number of people started
developing the optical setup as well as electronic devices.

Depending on the laboratory, the same apparatus was called
laser doppler anemometer (LDA) or laser doppler velocimeter
(LDV)(LDV).



Characteristics of LDA

• Invented by Yeh and Cummins in 1964Invented by Yeh and Cummins in 1964
• Velocity measurements in Fluid Dynamics (gas, 

liquid)q )
• Up to 3 velocity components
• Absolute measurement technique (no calibration q (

required- it depends only to the angle of the lasers)
• Very high accuracy
• Very high spatial resolution due to small 

measurement volume
• Tracer particles are required



Applications of LDApp cat o s o

L i d t b l t fl• Laminar and turbulent flows
• Investigations on aerodynamics

S i fl• Supersonic flows
• Turbines, automotive etc.

Li id fl• Liquid flows
• Surface velocity and vibration measurement
• Hot environments (flames, plasma etc.)
• Velocity of particles
• ...etc.,



The laser Doppler technique, most frequently referred to as a laser Doppler 
anemometry (LDA) or laser Doppler Velocimetry (LDV) is a widespread technique 
for pointwise velocity measurements in a flow with fluid markers. 

b b ti lb: beam; p: particle



Doppler Shift



Description of Laser Doppler Velocimeters

Basic Doppler-Fizeau Effect:

The LDV system is an instrument which performs the measurement ofThe LDV system is an instrument which performs the measurement of
the doppler shift of light scattered by a moving particle.

Basic Doppler-Fizeau effect

• Let us consider a particle at velocity U illuminated by a laser beam. The laser
light is of frequency f0 and wavelength λ0.

li is the unit vector corresponding to the propagation direction of the illuminating
beam.
The light will be scattered in all directions. Let us consider the light scattered

l it t l It ill b f f f d l th λalong unit vector ls. It will be of frequency fs and wavelength λs.



Description of Laser Doppler Velocimeters

Basic Doppler-Fizeau Effect:

Basic Doppler-Fizeau effectBasic Doppler Fizeau effect

The doppler shift is:      fD=fs-f0
The relative speed between the wavefronts of the illuminating beam and theThe relative speed between the wavefronts of the illuminating beam and the
particle is: where c=f0λ0

The rate at which wavefronts are intercepted by the moving particle is
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Description of Laser Doppler Velocimeters

Basic Doppler-Fizeau Effect:

Basic Doppler-Fizeau effectBasic Doppler Fizeau effect

The doppler shift is:      fD=fs-f0
Noting that λs ~ λ0g s 0
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Thus, the net change in frequency or doppler shift, as viewed by a stationary
observer, is due to the relative speed and the orientation of the particle
trajectory with respect to both the illuminating direction li and the scatteredtrajectory with respect to both the illuminating direction li and the scattered
light direction ls.
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f0 and fs are on the order of 1014. The doppler shift is on the order of 106-107.



Different optical modes for LDV

Reference beam system:

This is historically but also fundamentally the basic mode of LDV. 
Consider the relationship for fs:
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The reference beam system is an optical setup which is extracting
from fs by optical heterodyne detection.
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Two beams are illuminating the particle assumed to be very small compared to 
the beam diameter.



Different optical modes for LDV

Reference beam system:

A photodetector is aligned with the low intensity beam. 

The light scattered from the other beam 2 will be mixed with the directly 
passing light 1.

The photodetector will yield an output current that varies at the doppler 
frequency fD. The frequencies are:
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This system will give a
signal directly proportionalsignal directly proportional
to the velocity



Different optical modes for LDV

Crossed beam or “fringe” mode system:

In the crossed beam system, two beams of equal intensity are illuminating the 
particles. Each beam is scattered; this results

into two beams (λs1,fs1) and (λs2,fs2)
scattered in ls direction.scattered in ls direction.
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The combination of two beams gives
frequency fD:
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The detected frequency is no longer dependent on the direction of
scattering. It is now possible to collect the scattered beams in a
wide solid angle with a lens and concentrate them at the surface of
the photodector. The detected intensity will thus be much higher.



LDA - Optical principleLDA Optical principle
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Different optical modes for LDV

Crossed beam or “fringe” mode system:

The dual beam mode can also be analyze in another way, namely the “fringe” 
method.

One is considering now two illuminating beams in the absence of particles. 

When two laser beams of equal intensity are crossing, there is a formation of 
interference fringes in the crossing region.

As the frequency of the light is the same in the two beams, these fringes are 
stationary.



LDA - Fringe Model 

• Focused Laser beams intersect and form theFocused Laser beams intersect and form the 
measurement volume

• Plane wave fronts: beam waist in the plane of p
intersection

• Interference in the plane of intersection
• Pattern of bright and dark stripes/planes 



Different optical modes for LDV

Crossed beam or “fringe” mode system:



Different optical modes for LDV

Crossed beam or “fringe” mode system:
If a solid particle is passing through this region, it will cross successively bright 
and dark fringes.

Li ht ill b tt d l h b i ht f i i d A t tiLight will be scattered only when a bright fringe is crossed.  A stationary 
observer will then “see” the particle only when it is illuminated, i.e., when it is in 
a bright fringe.

The rate at which the particle is crossing the fringes will thus be proportional to 
its velocity.

λ
Fringe spacing is df with , λ being the laser wavelength and 
θ the beam angle. 

2/sin2 θ
λ

=fd

λ
2/sin2 θ

λ
=fd



LDA - Fringe modelge ode

The fringe model• The fringe model
assumes as a way of
visualisation that the two
intersecting beams form
a fringe pattern of high
and low intensity.

• When the particle
traverses this fringe
pattern the scatteredpattern, the scattered
light fluctuates in
intensity with a
frequency equal to thefrequency equal to the
velocity of the particle
divided by the fringe

ispacing.



The interference pattern, known as a 'fringe' pattern is composed of planar 
layers of high and low intensity light. Velocity measurements are made whenlayers of high and low intensity light. Velocity measurements are made when 
particles 'seeded' in the flow pass through the fringe pattern created by the 
intersection of a pair of laser beams. 

This is an actual cross-sectional
view of the beam crossing of twoview of the beam crossing of two
pairs of beams which illustrates a
two component fringe pattern
produced by an Argon-Ion Laser.p y g



Gaussian laser beamGaussian laser beam
Actually the laser beam has a Gaussian intensity distribution.



Different optical modes for LDV

Crossed beam or “fringe” mode system:

Therefore, the fringe pattern is also presenting a Gaussian intensity distribution.



The pedestal is due to the intensity
of the laser beam and usually has a
Gaussian DistributionGaussian Distribution.

Burst intensity: the number of
particles crossing the measuringparticles crossing the measuring
volume.





Power spectral 
densityy

A t l tiAutocorrelation
function



Different optical modes for LDV

Optical Arrangement:

The optical arrangements required for each mode:



In reference and dual beam modes, the laser beam is split by a suitable optical 
system so that two perfect parallel beams are obtained.system so that two perfect parallel beams are obtained.

The two beams are then focused to a common point defining the probe volume.

The focusing lens has a double action
1. It turns the two beams towards the measuring point 
2. It reduces the actual size of the probe volume.



The receiving optic is the one which collects the scattered light to the 
photodetector.photodetector.

In reference beam, it consists only of two light stops defining a very narrow beam 
and excluding all undesirable radiations.g

In dual beam, a lens collects scattered light in a wide angle and concentrates it to 
a photodetector. Between lens and photodetector, a light stop is places. It 
prevents light scattered from other points than the probe volume.





Different optical modes for LDV

Optical Arrangement:

In order to achieve good spatial resolution, the measuring volume must be as
small as possible.

The probe volume is reduced by focusing the illuminating beams. The size of
the probe volume is function of the initial beam diameter D; beam angle θ; focal
length of lens FL and laser wavelength λ.

D0 is the waist diameter of the focused beam:

Dimensions of the probe are: λFD L4
Dimensions of the probe are: λ
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Principle of LDA, differentialPrinciple of LDA, differential 
beam technique

Flow

Laser Transmitting
Optics

Receiving Optics
with Detector

Flow

HeNe
Ar-Ion
Nd:Yag

Beamsplitter
(Freq. Shift)
Achrom. Lens

Gas
Liquid
Particle

Achrom. Lens
Spatial Filter
Photomultiplier

Si l Signal

g
Diode

p
Photodiode

Signal
Processing

Signal
conditioner

Spectrum analyzer Amplifier

PC

Spectrum analyzer
Correlator
Counter, Tracker

Amplifier
Filter



Velocity = distance/time

Flow with particles

Velocity  distance/time

p

Signal
Processor

d (known) t (measured)

Detector

Time

Detector

measuring volume
LaserBragg

Cell backscattered light
measuring volume



Laser, Characteristics andLaser, Characteristics and 
Requirements

• Monochrome
• Coherent

Laser

Coherent
• Linearly 

polarizedpolarized
• Low divergence 

(collimator)
L-Diode collimator

(collimator)

• GaussianGaussian 
intensity 
distribution

Laser

distribution



Transmitting optics
Basic modules:

Transmitting optics

Laser
BS

Lens

Basic modules:
• Beam splitter
• Achromatic lens Laser

Bragg

Lens
Options: 
• Frequency shift Bragg

cell
D × E

× Ε

q y
(Bragg cell)

– low velocities
flow direction

ϑD

– flow direction

• Beam expanders
– reduce

FDL

reduce 
measurement 
volume
increase power– increase power 
density



Measurement Volume
Transmitting
System

• The transmitting system 
generates the 
measurement volume

θ
DL

Z
System

measurement volume
• The measurement volume 

has a Gaussian intensity 

F Y

X Intensity1distribution in all 3 
dimensions

Intensity
Distribution

0 1/e 2
1

δz

• The measurement volume 
is an ellipsoid
Di i /di

z

δx Z
• Dimensions/diameters δx, 

δy and δz are given by the 
1/e2 intensity points

Measurement
Volumeδy X Y



Measurement volumeMeasurement volume
Length: Width: Height:Length: Width: Height:
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R i i S tReceiving Systems

L

• Receiving Optics
– Receiving optics

Multimode fibre acting Lenses– Multimode fibre acting 
as spatial filtre

– Interference filtre
Multimode

Photomultiplier• Detector
– Photomultiplier
– Photodiode

Multimode
fibre

Interference
filtre



System Configurations
Forward scatterForward scatter
and side scatter
(off-axis)
• Difficult to align

Receiving Optics
with Detector

Transmitting
Optics

• Difficult to align,
• vibration

sensitive Flow

Backscatter
• Easy to align

Detector Transmitting and • Easy to align
• User friendly

g
Receiving Optics

Flow
LaserBragg

Cell



B k tt C fi tiBackscatter Configuration
Si l d l i ti

Interference
filtres

PM
Single mode polarisation

preserving fibres Multimode
fibre

Laser Bragg
Cell

Colour
splitter

PM

Fibre manipulators

Flow

Colour
splitter

Flow

Back scattered light

Multimode
fibre
Single mode
fibres



One further requirement is to 
distinguish the sign of the particle g g p
velocity, since the Doppler frequency 
alone does not contain this 
information as shown in Figure (a).
The same signal will be obtained for 
a particle  crossing the fringes in 
either direction.

To achieve directional sensitivity the 
frequency of one of the incident 
b i hift d b t fbeams is shifted by an amount fs
compared to the other beam, which 
results in a moving fringe pattern. A 
tracer particle with zero velocity in thetracer particle with zero velocity in the 
measurement volume will result in a 
received frequency of fs,while any 
movement of the particle will result inmovement of the particle will result in 
a frequency larger or smaller than fs, 
depending on the direction relative to 
the fringe motion Figure (b)the fringe motion Figure (b).



Directional Ambiguity / Frequency Shift

• Particles moving in either the forward or reverse direction will produce 
identical signals and frequencies.

f
fmax

f

f

fshift

fmin
u

umin umax
umin umax

• With frequency shift in one beam relative to the other, the
no shift 
shift 

With frequency shift in one beam relative to the other, the          
interference fringes appear to move at the shift frequency. 

• With frequency shifting, negative velocities can be distinguished.



Frequency Shift / Bragg Cell

• Acousto-optical Modulator fs = 40 MHzp
• Bragg cell requires a signal 

generator (typically: 40 MHz)
F f l li ht i

Piezoelectric
Transducer

fL• Frequency of laser light is 
increased by the shift 
frequency

wave front
ϕ
Β

fL

fL + fS

• Beam correction by means of 
additional prisms 

Absorber
Β



LDA Fibre optical system



















Probe volume alignment for 3D velocityProbe volume alignment for 3D velocity 
measurements

• To measure three velocity 
components requires 
careful alignmentcareful alignment.

• The simplest method is 
by using a fine pinhole 
with an opening just large 
enough that the focused 
beam can pass through.p g

• Fine adjustment can be 
made using a power 
meter behind the pinholemeter behind the pinhole 
maximising the power of 
light passing through the 
i h l f h bpinhole for each beam.





Using three different colors of a laser source, two or three measurement volumes 
can be overlaid but with differing fringe orientation. By distinguishing the signas 
from the different beam pairs through color filtering in the receiving optics two orfrom the different beam pairs through color filtering in the receiving optics, two or 
three velocity components can be simultaneously acquired. 



3-D LDA Applications

• Measurements of boundary layer separation in wind tunnels
• Turbulent mixing and flame investigations in combustors
• Studies of boundary layer-wake interactions and instabilities in 

turbines
• Investigations of flow structure, heat transfer, and instabilities in heat 

exchangers
• Studies of convection and forced cooling in nuclear reactor models 
• Measurements around ship models in towing tanksMeasurements around ship models in towing tanks

A three-component LDA system 



Seeding and Tracer Particles



Seeding and Tracer Particles



Seeding: ability to follow flow
ParticleFrequencyResponse
d U Ud
dtU d

U U
p

p

p f

p f
= −

−
18 2

ν
ρ ρ/

Particle Fluid Diameter (μm)
f = 1 kHz f = 10 kHz

Silicone oil atmospheric air                    2.6 0.8
TiO2 atmospheric air 1.3 0.4

MgO methane-air flame 2.6 0.8
(1800 K)

TiO2 oxygen plasma 3.2 0.8
(2800 K)



Seeding and Tracer Particles







Seeding: ability to follow flowSeeding: ability to follow flow

In order to measure fluid velocity using the technique of laser anemometry, it is 
necessary for the fluid to contain “tracer particles” or “scattering centers.”

The characteristics of these particles are important for two reasons:

i) if the particles do not follow the flow the interpretation of thei) if the particles do not follow the flow, the interpretation of the 
measurement result is subject to error,

ii) the signal obtained from particles is a function of many parametersii) the signal obtained from particles is a function of many parameters 
including: particle size, scattering direction, index of refraction, etc.  



Seeding and Tracer Particles



Seeding: scattered lightSeeding: scattered light 
intensity90
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• Polar plot of scattered light intensity versus scattering anglePolar plot of scattered light intensity versus scattering angle 
• The intensity is shown on a logarithmic scale



Signal characteristicsS g a c a acte st cs

• Sources of noise in the LDA signal:
- Photo detection shot noise.
- Secondary electronic noise, thermal noise from preamplifier 

circuitcircuit
- Higher order laser modes (optical noise).
- Light scattered from outside the measurement volume, dirt, 

scratched windows ambient light multiple particles etcscratched windows, ambient light, multiple particles, etc.
- Unwanted reflections (windows, lenses, mirrors, etc).

• Goal: Select laser power, seeding, optical parameters, etc. to p , g, p p ,
maximise the SNR.





DATA PROCESSINGDATA PROCESSING
What is a Signal Processor?

A signal processor is a device designed to measure the instantaneous 
Doppler frequency and convert it into a velocity measurement.

System Requirements: Accurate discrimination of burst.
High dynamic range.
L fLarge frequency range.
High data rate capacity.
Can discriminate signal in low SNR.

Signal Processor Types: Spectrum Analyzers.
Photon Correlators.
Trackers.
Counters.
Covariance processor.
Digital Signal processor.



System Requirements:

Accurate discrimination of burst: Measuring individual burst as opposed to a
mean burst averaged over several bursts is important, particularly in turbulent
flows. It is very important to be able to measure this burst accurately.flows. It is very important to be able to measure this burst accurately.

High dynamic range: High dynamic range means the processor can measure
velocities over a wide range from high speed flow to flow reversal with minimalg g p
change to system parameters.

Large frequency range: Large frequency range implies that the processor
does not have an inadequate floor or ceiling on the range of velocities that it
can process. In other words, velocities ranging from mm/s to km/s can be
processed.

High data rate capacity: Some flows have characteristically high data rates.
In addition, high data rates are needed for spectral analysis.

Can discriminate signal in low SNR Must be able to identify and measure a
burst in high background noise.



Processor Types:

Spectrum Analyzers: FFT to get power spectrum, then determine Doppler
frequency. Good for average frequency but not for instantaneous frequency
measurement.

Photon correlators: similar to spectrum analyzer but could be used for lower
SNR.

Trackers: Good for high burst density (high data rate) signals. Did not work well in
low data density situations (low data rate) due to the trackers inability to track
large velocity changes with large time between data bursts.

Counters: used a high speed clock and logic circuits to measure the time between
a fixed number of fringe crossings or cycles in the burst signal. The counter
could not measure signals well in low SNR situationscould not measure signals well in low SNR situations.

Covariance processor: poor accuracy.

Digital Signal Processors: Digitally sample the burst with a high frequency and
then perform a variety of signal processing techniques to determine the
Doppler frequency



DIGITAL SIGNAL PROCESSORS

Digitally sample the burst with a high frequency and then perform a 
variety of signal processing techniques to determine the Doppler y g p g q pp
frequency.  

Th biThese processors combine:
• High pass filters to remove low frequency components such as low 

frequency noise.  q y
• Low pass filters to limit high frequency noise components.  
• High speed A/D converter.  
• Burst detection algorithms to help identify burst from background 

signal. Digital signal analyzer to estimate the frequency.



LDV SIGNAL BIAS

Bias: An one way error in the calculation of a statistic caused by anBias: An one way error in the calculation of a statistic caused by an
identifiable but uncontrollable source causing an unrealistically high
or low measure of that statistical quantity.

Types of bias in LDV signals:
1) Velocity bias.
2) Fringe bias.
3) Gradient bias.



LDV SIGNAL BIAS
Type of bias in LDV signals:

Velocity bias – the statistics for LDV measured data are random arrival in time with a
higher probability of getting more particles with a high velocity component crossing thehigher probability of getting more particles with a high velocity component crossing the
probe volume in a given sampling time than particle with a lower velocity component.
As a result, standard statistical methods such as ensemble averaging produces an
averaged that is bias towards the higher velocities.g g

Fringe Bias: The LDV probe volume has a limited size and limited number of fringes.
Most processors require a fixed number of fringes be crossed to validate the burst
detectors Particles moving through the outside edges of the measurement volume willdetectors. Particles moving through the outside edges of the measurement volume will
cross fewer fringes than those crossing near the center. Thus, these particles may not
get validated due insufficient fringe crossings. Also, particles crossing at a sharp angle
to the fringe direction may not cross enough fringes. They may have crossed throughg y g g y y g
the center but if their flow direction angle is too sharp compare to the fringe direction,
they will not cross enough fringes. This is often called an angle bias.

Gradient bias: Since the LDV probe volume is a finite size with a length that is typicallyGradient bias: Since the LDV probe volume is a finite size with a length that is typically
much longer than its diameter, it is not possible to accurately resolve velocity scales
that are smaller than the length of the probe volume. This implies that sharp spatial
gradients in the velocity field cannot be resolved. This results in an averaging over the
length of the probe volume, and produces a resolution bias in the data.





Measurement of air flow around a
helicopter rotor model in a wind tunnel

University of Bristol, UK



Measurement of flow field 
d 1 5 l d laround a 1:5 scale car model 
in a wind tunnelin a wind tunnel

Mercedes-Benz, Germany



Measurement of wake flow around a shipMeasurement of wake flow around a ship 
model in a towing tank 

Marin, the NetherlandsMarin, the Netherlands



Measurement of air flow field 
around a ship model

University of Bristol, UK



Measurement of flow in aMeasurement of flow in a 
valve model

Westsächsische Hochschule Zwickau, Germany



Comparison of EFD andComparison of EFD and 
CFD results




