
Particle Image Velocimetry (PIV)g y ( )



Flow Velocity Measurement Techniques



Frequency Shift Based Methods
•Based on the Doppler phenomenon namely the shift of the frequency of•Based on the Doppler phenomenon, namely the shift of the frequency of
waves scattered by moving particles

•Laser Doppler Velocimetry (LDV) or Laser Doppler Anemometry (LDA)

•Planar Doppler Velocimetry (PDV) or Planar Doppler Anemometry (PDA)



Particle Image Velocimetry Technique

Particle displacement method: to measure the displacements of the tracer particles 
seeded in the flow in a fixed time interval. 



Wh i i ?Why use imaging?
Conventional methods  (HWA, LDV)
• Single-point measurement

Particle image velocimetry

• Whole-field method
• Traversing of flow domain
• Time consuming
• Only turbulence statistics  (e.g. the 

• Non-intrusive (seeding)
• Instantaneous flow field

y ( g
mean velocity, turbulence intensity and 
Reynolds stress, but such quantities 
do not represent the actual flow 
structure)

z



Historical developmentHistorical development

• Quantitative velocity data from particle streak photographs (1930)

• The technique now called PIV was born as Laser speckle velocimetry; 
Young’s fringes analysis (Dudderar & Simpkins 1977)

Th ifi h t i ti f tt d l li ht th t thThe specific characteristic of scattered laser light that causes the 
phenomenon called “speckle” was used to allow the measurement of 
the displacements of the surface of samples subjected to strains. 

• Particle image velocimetry

• Interrogation by means of spatial correlation

• ‘Digital’ PIV

• Stereoscopic PIV; holographic PIV



Basic Principle of PIV

•Particle Image Velocimetry is based, like Laser Doppler Velocimetry,
on the measurement of the velocity of tracer particles by the fluid.

•However, rather than concentrating light in a small probe volume as in
LDV, a complete plane of the flow under investigation is illuminated.
This is performed by creating a narrow light sheet which is spread overp y g g p
the region of interest.

•Tracer particles are therefore made visible and images of the
illuminated particles will be recorded.

•The instantaneous velocity of a fluid is measured through the
determination of the displacements of tracer particles illuminated by a
sheet of light.



Basic Principle of PIV

•The actual measurement is consequently performed in two successive
steps:

-The fist one is the recording of images
-The second is the processing of these images to determine the tracer
displacement.p
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PIV ltPIV result

Turbulent pipe flow
Re = 5300Re  5300
100×85 vectors

“Hairpin” vortex



Example: Annular vortex in jets t=t0t t0



Example: Annular vortex in jets t=t0+∆tt t0 ∆t



Velocity vectors



Vorticity



Visualization vs.Visualization vs. 
Measurement

PIV the seeding should be applied 
homogeneously.g y



PIV System Setup



Tracer Particles for PIV



Definitions for PIV
CΔ

• Source density:
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•The source density represents the type of image that is recorded. A source density
larger than one means that the image is a speckle pattern (images of individual particleslarger than one means that the image is a speckle pattern (images of individual particles
overlap to cause a random interference pattern). When the source density is less than one
the image consists of individual particle images.
•The image density represents the mean number of particle images in an
interrogation region. For a successful PIV measurement it is important that this number is
larger than about 10-15.



Illumination system of PIV



PIV optical configuration
The typical optical configuration of a PIV set-up includes a light source (usually
a double-pulse laser), light-sheet optics (beam combining optics, beam
delivery, and light-sheet formation optics), tracer particles, and a cameradelivery, and light sheet formation optics), tracer particles, and a camera
(imaging lens and recording media).

Multiple Flashes
Of Light

Laser 
Sheet

Of Light



Double pulsed Nd:YAG laser for PIVp



Optics for PIV



Cameras



Light sensing and recording



Lenses

f# (f-number or focal ratio) is defined as the 
ratio of focal distance of the lens and its clear 
aperture diameter.



Filters
Particularly important in PIV and PLIF applications, the correct filtering scheme
ensures the collection of appropriate light signals, while rejecting unwanted
wavelengths, in order to obtain data of the highest possible quality and thus the
highest measurement accuracy.

F t d B fitFeatures and Benefits
•Full range of transmission wavelengths
•Long wave pass, short wave pass, and band pass filters
•Built in threaded mounts for direct attachment to camera lens•Built in threaded mounts for direct attachment to camera lens

TSI



Digital Camerag



Linearity and Dynamic Range of a Digital Camera



TSI models

Frame rate 
f 3000 tfrom 3000 to 
250000 fps 



An example Time Chart of PIV measurement



Synchronizer



Host Computer



Single Frame Technique

Particle



Multiple Exposure PIV image on a Single Frame
The images of the tracer particles are recorded at least twice with a small 
time-delay. The displacement of the particle images represents the fluid 
motion.



Multiple Frame Technique

d.

t
LU
Δ
Δ

=
tΔ



Image Processing for PIV



PIV Interrogation analysisg y
RP

Double-exposure
image

Interrogation
region

Spatial
correlation

PIV images are analyzed by subdividing the image into small interrogation 
regions. Each interrogation region contains many particle-image pairs. 

It is not possible to find individual matching pairs, because the displacement is 
greater than the mean spacing between particle images. Therefore a statistical 
method is used to find the particle-image displacement.method is used to find the particle image displacement. 



By computing the spatial auto-correlation for a double-exposure image, the
correlation domain contains three dominant peaks (provided that a sufficientcorrelation domain contains three dominant peaks (provided that a sufficient
number of particle images is present within the interrogation region, and that the
displacement is almost uniform over the interrogation region): a central self-
correlation peak, and to displacement-correlation peaks on either side of the self-p , p p
correlation peak.

The location of the displacement-correlation peak yields the particle-image
displacement. (A 180-degree directional ambiguity occurs due to the symmetry of
the auto-correlation.)



Correlation based PIV



PIV Image Processing 

Cross- Correlation based PIV



PIV Image Processing 

Cross- Correlation based PIV



Location of Correlation PeakLocation of Correlation Peak

S b i l I t l tiSub-pixel Interpolation 
Gaussian Function



Correlation Coefficient Distribution

In PIV, two sequential digital images are sub-sampled at one particular area 
via an interrogation window. 

Within these image samples an average spatial shift of particles may be 
observed from one sample to its counterpart in the other image.

The idea is to find the best match for the shifted particle pattern in the 
interrogation windows in a statistical sense. 



Correlation Coefficient Distribution
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FFT Based Cross-Correlation



Double frame/double exposure and cross correlation.



Direct Cross-Correlation



Effect of Interrogation Window Sizeg

Bad vectors!



Effect of Searching Window Sizeg

As SB increase error decrease however total timeAs SB increase error decrease, however total time 
required to perform calculations increases



The displacement fieldp
• The fluid motion is represented as a displacement field
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For an optically homogeneous fluid, it is not possible to observe the fluid motion directly. It is
therefore necessary to add tracer material that serves as scattering sites for the light.y g g
Ideal tracers do not alter the flow or the fluid properties, and follow the motion of the fluid
exactly.
The motion of the fluid can now be detected as a displacement of the tracer particles; we thus

th l it i di tlmeasure the velocity indirectly.



I h t tiInherent assumptions

• Tracer particles follow the fluid 
motionmotion

• Tracer particles are distributedTracer particles are distributed 
homogeneously

• Uniform displacement within 
interrogation regioninterrogation region



Velocity from tracer motionVelocity from tracer motion

image density (NI)

Low image density

NI << 1

Particle tracking velocimetry

High image density

NI >> 1

Particle image velocimetry



Velocity from tracer motion

The motion of the fluid is visualized by the motion of small tracer particles
added to the fluid. These tracer particles constitute a pattern that can be used to
evaluate the fluid motion.evaluate the fluid motion.

If the density is very low (i.e., the distance between distinct particles is much
larger than the displacement) then it is very easy to evaluate the displacementg p ) y y p
from individual tracer particles.
This mode of operation is generally referred to as particle tracking velocimetry.

However, in this manner the amount of information that can be retrieved from an
image is very low.

If we increase the concentration of tracer particles, then their displacement
becomes larger than their spacing, and it is no longer possible to identify
matching pairs make unambiguously.

This mode of operation is generally referred to as Particle Image Velocimetry.









Rotor-fuselage interactions are the most difficult to compute, because they require a full
modeling of the entire helicopter. An experimental approach is often necessary, to get a
global understanding of the problem and to provide a database to validate the calculation
codescodes.
A model of the Dauphin Helicopter was tested in Onera's F1 wind-tunnel for this purpose.



ENSMA- Poitiers (Flapping Motion setup)







V t fi ldVector field



Time-Resolved PIV- LaVision



It consists of a high repetition rate laser with 50 W or 2 x 12.5 mJ at 2 kHz, a high
Time-Resolved PIV- Dantec

It consists of a high repetition rate laser with 50 W or 2 x 12.5 mJ at 2 kHz, a high
frame rate CMOS camera that is able to record frames with 30 Hz to 4,000 Hz in the
standard version (an upgrade to 10,000 Hz is available).

i l (Camera)pixel



Lasers for Time Resolved PIV are available either as Nd:YAG
lasers @ 532 nm or as Nd:YLF lasers @ 527 nm Thus bothlasers @ 532 nm or as Nd:YLF lasers @ 527 nm. Thus both
types work within the green range of the visible light. In both
cases lasers operate either with a single or a double cavity.

Nd:YLF lasers can operate down to small ∆t (time betweenNd:YLF lasers can operate down to small ∆t (time between
pulses) while their energy output decreases rapidly at
frequencies higher than 1 kHz.

On the other hand Nd:YAG lasers with a single cavity have aOn the other hand, Nd:YAG lasers with a single cavity have a
limit of approx. ∆t=40 µs for the time between pulses while
they provide twice the energy at higher repetition rates.

When smaller times between pulses are needed doubleWhen smaller times between pulses are needed, double
cavity lasers have to be chosen. Independently of ∆t the
energy only depends on the repetition rate.



3D-PIV

• Theory of stereoscopic PIV

• 3D-PIV software LaVision

Ref. Dantec and LaVision



Fundamentals of stereo visionFundamentals of stereo vision
True
displacement

Displacement
seen from left

Displacement
seen from right

Focal plane =
Centre of
light sheet

45° 45°45 45

Left RightLeft
camera

Right
camera

True 3D displacement (ΔX,ΔY,ΔZ) is estimated from a pair of 2D dis-
placements (Δx,Δy) as seen from left and right camera respectively



3D-PIV is based on the same fundamental principle as human eye-sight: Stereo
vision. Our two eyes see slightly different images of the world surrounding us, and

i th i th b i i bl t k 3 di i l i t t ticomparing these images, the brain is able to make a 3-dimensional interpretation.

As with 2D measurements, stereo-PIV measures displacements rather than
act al elocities and here cameras pla the role of “e es”actual velocities, and here cameras play the role of “eyes”.

The most accurate determination of the out-of-plane displacement (i.e. velocity) is
accomplished when there is 90° between the two cameras In case of restrictedaccomplished when there is 90 between the two cameras. In case of restricted
optical access, smaller angles can be used at the cost of a somewhat reduced
accuracy.

For each vector, we extract 3 true displacements (∆X, ∆ Y, ∆ Z) from a pair of 2-
dimensional displacements (∆ x, ∆ y) as seen from left and right camera
respectively, and basically it boils down to solving 4 equations with 3 unknowns inrespectively, and basically it boils down to solving 4 equations with 3 unknowns in
a least squares manner. Depending on the numerical model used, these
equations may or may not be linear.



Stereo recording geometrySte eo eco d g geo et y

Focusing an off-axis
Object
coordinates

Object plane
(LightsheetFocusing an off-axis 

camera requires tilting 
of the CCD-chip 
(Scheimpflug condition) θ θ

(X,Y,Z)
( g
plane)

3D evaluation requires 
a numerical model, 
describing how objects

α α

describing how objects 
in space are mapped 
onto the CCD-chip of 
each camera Left image Right image

Parameters for the 
numerical model are 
d t i d th h

Lens plane
left & right

g
coordinates
(x,y)

g g
coordinates
(x,y)

determined through 
camera calibration

Image plane
left & right



Stereo recording geometry

Wh i i th li ht h t t l th b k l (i th

Ste eo eco d g geo et y

When viewing the lightsheet at an angle, the camera backplane (i.e. the
CCD-chip) must be tilted in order to properly focus the camera’s entire
field of view. It can be shown that the image, lens and object plane must
cross each other along a common line in space for the camera images tocross each other along a common line in space for the camera images to
be properly focused in the entire field of view. This is referred to as the
Scheimpflug condition, and is used in most 3D-PIV systems.

Performing the 3D evaluation requires a numerical model describing how
objects in 3-dimensional space are mapped onto the 2-dimensional imageobjects in 3 dimensional space are mapped onto the 2 dimensional image
recorded by each of the cameras. The pinhole camera model is based on
geometrical optics, and leads to the so-called direct linear transformation:



Camera calibration

Images of a calibration target are recorded.
The target contains calibration markers (dots) in known positions.
Comparing known marker positions with corresponding marker positions on 
each camera image, model parameters are adjusted to give the best possible 
fit. 



Overlapping fields of viewOverlapping fields of view
Right camera's
field of view

Left camera's
field of view3D evaluation is

Overlap area
0.05

0.10
3D evaluation is 
possible only within 
the area covered by 
both cameras.

Overlap area

-0.05

0.0Due to perspective 
distortion each camera 
covers a trapezoidal 
region of the light

-0.10

0.05region of the light 
sheet.

Careful alignment is 
required to maximize

-0.20

-0.15
required to maximize 
the overlap area.

Interrogation grid is 
h t t h th

-0.20 -0.10 0.00 0.10 0.20

chosen to match the 
spatial resolution.



Left / Right 2D vector mapsLeft / Right 2D vector maps
Left & Right camera 
images are recordedimages are recorded 
simultaneously.

Conventional PIV 
processing produceprocessing produce 
2D vector maps 
representing the flow 
field as seen from left 
& right& right.

The vector maps are 
re-sampled in points 

di t thcorresponding to the 
interrogation grid.

Combining left / right 
lt 3D l itiresults, 3D velocities 

are estimated.



3D reconstruction3D reconstruction
Resulting 3D vector map

Overlap area with
interrogation grid

Left 2D vector map Right 2D vector map



Dantec Dynamics 3D-PIV system components

• Seeding

• PIV-Laser
(Double-cavity Nd:Yag)

• Light guiding arm &• Light guiding arm &
Lightsheet optics

• 2 cameras on stereo mounts

• FlowMap PIV-processor with 
two camera input

• Calibration target on a traverse• Calibration target on a traverse

• FlowManager PIV software

• FlowManager 3D-PIV option g p



Recipe for a 3D-PIV experimentec pe o a 3 e pe e t
• Record calibration images in the desired measuring position

Calibration markers on the target identifies the X- & Y-axes of the coordinate
system and the traverse moving the target identifies the Z-axissystem, and the traverse moving the target identifies the Z-axis.

• Since the calibration target and traverse identifies the coordinate system, care
should be taken in aligning the target and the traverse with the experiment.

Ali th li ht h t ith th lib ti t t (Th l t t t b ll l• Align the lightsheet with the calibration target. (The plane target must be parallel
with the lightsheet. , and the target is traversed along its own surface normal to
acquire calibration images covering the full thickness of the lightsheet (Images are
recorded in at least 3, but typically 5 or 7 positions).

• The 3D evaluation assumes also that the central calibration image corresponds to
the centre of the lightsheet, so proper alignment of the laser and the calibration
target is essential for reliable results.

• Record calibration images using both cameras

• Record simultaneous 2D-PIV vector maps using both cameras

• Calibration images and vector maps is read into FlowManager

• Perform camera calibration based on the calibration images

• Calculate 3D vectors based on the two 2D PIV vector maps and the camera
calibration



Camera calibration

Each image pair must be related to a specific Z-coordinate, and the software will look in the log-field of the
set-up for this and if a Z-co-ordinate can still not be found, the user is prompted to specify one.

First image processing is used to derive the position of calibration markers on the camera images This
produces a list of nominal marker positions and corresponding image co-ordinates on the CCD-chips of left
and right camera respectively.

This list is then used to estimate parameters in the chosen numerical imaging model, to give the best possible
fit between nominal calibration marker positions and their corresponding pixel-positions on the camera
images.



Importing 2D vector mapsImporting 2D vector maps



3D evaluation & statistics3D evaluation & statistics

Once calibration has been performed, and 2D vector maps imported, 3D 
evaluation can be performed on pairs of 2D vector mapsevaluation can be performed on pairs of 2D vector maps.





Comparison of PTV and PIV







TOMOGRAPHIC PIVTOMOGRAPHIC PIV



• 21 January 2010- Thursday- Final Exam @ 9:30 Room AE025
Closed book and closed note exam.

Final exam topics do not cover Midterm exam topics (i.e The lecture notes for
t l d d )pressure measurements are excluded.)

• You should bring your Final Lab Report and Final Project Report until 22
January 2010 at 12:00 The Report formats must be same as M Sc thesis formatJanuary 2010 at 12:00. The Report formats must be same as M.Sc thesis format
of METU.

• You should also prepare 2 posters (one for the lab and one for the project) using• You should also prepare 2 posters (one for the lab and one for the project) using
Power Point with A1 paper size (594mm x 841mm). You should first
send me the posters via email (to: funda.kurtulus@gmail.com) due to 22 January
2010 Aft i d t il h ld i t th t d t2010. After my review and acceptance email, you should print the posters due to
26 January 2010.

•The best poster will be selected for a Bonus Point and all the posters will be•The best poster will be selected for a Bonus Point and all the posters will be
hanged in Aerodynamics Laboratory.

•You should also give all the drawings CFD solution results•You should also give all the drawings, CFD solution, results,
presentations and reports in a DVD.


