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3 VARIOUS MEASUREMENT TECHNIQUES FOR THERMO-FLOW STUDIES
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1 Particle-based Flow Diagnestic Techniques

e Seeded the flow with small particles (~ um in size)

e  Assumption: the particle tracers move with the same velocity as local
flow velocity!

Particle velocity

Vp

Flow velocity

Measurement of
particle velocity

e  Smoke visualization
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1 LASER DopPLER VELOCIMETRY (LDW)

e Laser Doppler velocimetry (LDV, also known as laser Doppler anemometry, or LDA) is a technique
for measuring the direction and speed of like ' and

e In its simplest form, LDV crosses two beams of collimated, monochromatic light in the flow
of the fluid being measured.

e A microscopic pattern of bright and dark stripes forms in the intersection volume.

e Small particles in the flow pass through this pattern and reflect light towards a detector, with a
characteristic frequency indicating, via the , the velocity of the particle passing
through the probe volume.
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http://en.wikipedia.org/wiki/Fluid
http://en.wikipedia.org/wiki/Earth%27s_atmosphere
http://en.wikipedia.org/wiki/Water
http://en.wikipedia.org/wiki/Laser
http://en.wikipedia.org/wiki/Doppler_effect

1 DOPPLER SHIFT

e The Doppler effect, named after Christian Doppler (an Austrian mathematician and physicist ), is
the change in frequency and wavelength of a wave that is perceived by an observer moving
relative to the source of the waves.

e Light from moving objects will appear to have different wavelengths depending on the relative
motion of the source and the observer.

e Observers looking at an object that is moving away from them see light that has a longer
wavelength than it had when it was emitted (a red shift), while observers looking at an
approaching source see light that is shifted to shorter wavelength (a blue shift).
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1 DOPPLER SHIFT

a. Stationary Sound Source b. Source moving with Vsource < Vsound

¢. Source moving with Vsource = Vsound d. Source moving with Vsource > Vsound
( Mach 1 - breaking the sound barrier ) (Mach 1.4 - supersonic)

| (@)Y VNN SR BN B RS R Conyright © by Dr. Hui Hu @ lowa State University. All Rights Reserved! G‘L”‘P““’ .



http://www.kettering.edu/~drussell/Demos/doppler/bullet-3.gif

1 FUNDAMENTALS OF LDV

e For waves that travel through a medium (sound,
ultrasound, etc...) the relationship between observed
frequency f‘ and emitted frequency f is given by:

e )

e vis the speed of waves in the medium

e v, is the velocity of the source

e For waves that travel at the speed of light, such as laser Figure 4.1 Light scattered by a moving particle
light, the relationship between observed frequency f*
and emitted frequency is given by:

s T
e Because the detected frequency increases for objects f — ]. - fﬂ
moving toward the observer, the object's velocity must I!:.'
be subtracted when motion is moving toward the
observer. (This is because the source's velocity is in the s,T Vg

denominator.) A f — - fl] =

e (Conversely, detected frequency decreases when the C }10
object moves away, and so the object's velocity is added
when the motion is away.
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1 FUNDAMENTALS OF LDV

e Take the coordinate system to be at rest with respect to
the medium, whose speed of light wave is c. There is a

source s moving with velocity V, and emitting light

waves with a frequency f..

e There is a detector r moving with velocity V,, and the

unit vector fromstorisn i.e.

e Then the frequency f, at the detector is found from

fr l-m-v,/c
fo l—-m-v,/ec

e Ifc>>V,, then the change in frequency depends mostly 0
on the relative velocity of the source and detector.
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Figure 4.1 Light scattered by a moving particle
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Figure 11.9. Sketch of a laser beam light scattered by a moving particle.
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1 FUNDAMENTALS OF LDV

e By using a laser bean of wavelength A=488nm V, - 2sin( Q) fV,-2sin( Q)
(Argon-lon laser), the maximum Doppler shift from Af = 2" _ 2
a particle moving with a velocity of V would be:

- V=1.0m/s Af ~4.1 MH:z
- V=10.0m/s Af ~41 MH:z

- V=100.0m/s Af ~410 MHz
- V=1000m/s Af ~4100 MHz

e However, since C = 2.998x10% m/s, A=488nm, then, \ e
f=C/ ﬂz= 1.4 X10 9 MHZ. the DOpp,er Shl:ft ,-n Figure 11.9. Sketch of a laser beam light scattered by a moving particle.

fA A

frequency is very small compared with the
frequency of the source laser light. https://www.youtube.com/watch?v=JxfWi85I0hg

e In practice, it is always quit difficult to measure the
Doppler shift of frequency accurately for low-speed
flows by measuring the received total frequency
directly.

e Dual-beam LDV technique was developed to
measure the relative frequency change due to the
Doppler shift other than the total frequency.
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1 FUNDAMENTALS OF DunL-Beam LDV

If the intensity of each scattered beam collected by the photo detector varies sinusoidal ,

Assin 2z(f +Af ), =1, 2.

Then, the optical mixing of these beams on the photoditec tor (heterodyning process) produces
an output vol tage E that is proportional to the squire of the combined light intensity.

E ~{Asin 2z(f + Af)t+ A, sin 27(f + Af,)t}

= A’sin? 27z(f +Af)t+ AZsin? 2z(f +Af,)t+2A A [sin 2z(f + Af)t][sin 27z (f + Af)t]
= A’sin?27z(f +Af)t+ AZsin? 2z(f + Af,)t+ A A [cos 27z (Af, — Af,)t] —cos2z(2 f + Af, + Af)t]
= A’sin? 27z(f +Af)t+ AZsin? 2z(f + Af,)t—cos27(2 f + Af, + Af,)t]+ A A [cos 27 (Af, — Af)t]

high- frequency
If we define, Af, —Af, = f'
then: E ~a+bsin 27 f't
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» The above equation is independent of observation angle!
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1 GENERRTED FRINGES FOR THE DuAL-Beam LDV

Fring Sp aCing . 5 — 2’ Thomas Young's Double Slit Experiment

2sin(0/2) Sresn i sunignt Figure 1

4 D . e == Diffracted
Fring number : N =——L; il Site Spherical

T de B l‘ l" . 2 - -

D, =2f,sin(6/2) \\\\!;:3».;1;/’/
V“;::‘v /
o AN LS o2 AT

Frequency of the scattering light : In Step (SIS outofStep

\Y _25in(0/2)v

Detector Screen Bright  Interference
f=—L= i Fringe Fringe  Fringes
o A
Frequency shift according to Doppler shift theo ry :
2sin(0/2)
f=—="—""V,

" f
transmitting ~<’T—)‘
lens
beam aw\A """

splitter

laser [‘:“ = I D, <
f

_——

> 0 3

&4 Q

e SN Sy

K’ - - AR
mirrors i2 measuring & N )

or prisms volume / &N
ng A burst
collecting '0’50 u rs
lens /oo,
%

()

(ot
l Copyright © by Dr. Hui Hu @ lowa State University. All Rights Reserved! Aerospace Engineering




1 FUNDAMENTALS OF DunL-Beam LDV
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1 BEAM EXPANDER OF A DuaL-Beam LDV

A beam expander is a commonly used LDV accessory,
whose function is to reduce the size of the measuring
volume.

This improves the spatial resolution of velocity
measurement while also improving the amplitude
resolution as a result of increased light power density
within the measuring volume.

A beam expander consists of a diverging lens and a
converging lens, in addition to the transmitting lens.

The beam expansion ratio: E,=d,, /d,=D, / Dy
0, = 2sin -1[E]§—fTsin(e/2)]

T
f;, is the focal length of the transmitt ing lens

if £, =f

then :d,, :Eidfe z:‘;f—éﬂ
_ 4D _4Dy.

Fringe Numbers: N ;
rd, =md,

The fringe number within the measurement volume is
remain unaffected.

The fringe spacing will reduced by a factor of Ex,

The measurement volume reduced by a factor ~Ex*
The SNR is also increased!

Dr 1

Width: d = 4t A
rd,
. dfe
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cos(@/2)
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3
7 ds
Volume :  Volume = ¢
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1 BeAM EXPANDER OF A DuaL-Beam LDV

Frequency of the burst signal
Vv, 23in(¢9/2)V

s A + f /
* 25in(9/2) . iy t(tunn >
E a. Typical Doppler Signal of single %%‘gigé?al
)
_ > WM
time
| >
E b. Typical Doppler Signal of single particle A burSt
) with pedestal removed _
» The pedestal is due to the intensity of the laser
AAAM\(\W\M!\MVAVN > beam is usually has a Gauss Distribution.
"VVVUUUUWVV time - . : : :
» The scattering signal is depending on the size
b. Typical Doppler Signal of multiple particle and_ r_efle_ctlve index of_the particle and the its
) = with pedestal removed position in the measuring volume.

“ l k ‘ » Burst intensity: the number of the particles
AIHHHHH hl“l“ | “m l crossing the measuring volume
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1 BeAM EXPANDER OF A DuaL-Beam LDV

Frequency of the burst signal
(VL _2sin(012),,
o A
vi-__
2sin(01/2)

The relationship between the frequency shift
and the velocity is equally valid for both senses |
of direction of velocity.

Bragg cell is used to remove this ambiguity.
The frequency shift obtained by the Bragg cell
makes the fringe pattern move at a constant
velocity.

Particles which are not moving will generate a
signal of the shift frequency f ... The velocities
Vp and V,,, will generate signal frequencies f,,
and V., respectively.
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1 BEAM EXPANDER OF A DuaL-Beam LDV

e The signal is usually band pass filtered to remove the pedestal f /’L
and high-frequency noise. —
, . , , 1 -
e A unit named as signal processor is used to determine the 2 S |n( 0 / 2)
Doppler frequency.
e The signal processor includes: ‘
Bragg cell
e Burst analyzer: FFT to get the power spectrum, then 3\ s
determine the Doppler frequency. \\\\) i
e Frequency counters: count on the number of zero crossings Loty A8 /:: -
of the filtered bursts. Determine the particle velocity as the _—_ )
ratio between the fringe space over the averaged time se{v(zpm%/ o sors Doty
\ analysis
between the two zero crossing. T, e
. . . - G u TN : '~:n’
e Frequency trackers: used for high particle density case. o N \/N::;--
i H H H volume / R
They contain an electric oscillator, which scans a frequency 7 < ~
range and locks at the Doppler frequency, providing an m ’;{n / bty
k‘ a a*E=—1a o “"V\M :

analogue output proportional to it. Advantage is to provide
analgue output, but has only limited dynamic range and
need for heavy seeding.

—

e Photo correlators: detect the emission of individual photons A burst
and correlated them with respect to their times of arrival to
computer the time delay for peak correlation. Their
advantage over other processor is that they can operate

%
with very low light intensity and noisy signal. But their e m “ AR | ‘ ‘] | [ \ “ l] H m \
frequency range is limited, and quit time consuming. ’lw !“""" ”" ' ﬁ"m "’ / ’ ’ w | Y’ I W ’ ’ ” ” .
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] ERRORS AND UNCERTRINTY IN LDV MEASUREMENTS

e Fringe divergence uncertainty: Y l_

» if the beams do not intersect at their I m— R il M\

. . - I i lIII i . '| '|'|'1| | IIIII 11 I,I.Ill |il,III

waists, the fringes will not be parallel i qu,f'ﬁ?”"‘l il ,“g.,,fd i il H\:\ L "ﬁma”\\\”.l \ Mﬂ
lanes i uumwr.#fm*um"n AR nr.-r;.v.-.-.*ﬁ.?n‘ruwufn Y
p ” il 1 ',II, 1\ W ” W 'ifx1."1'.'i':.i‘u'nl'J.TiE’HT;"a"-'i":."':."-'M";‘|'|.'ﬂ';‘u'ull.TxTi'.'u'i'ﬂMTm'.'ﬁ'MﬂT: / ] u,,'_.HI!.' il
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e Velocity bias: due to many particles with .,..\.“' ./ i f_{.f,,:.'a.,.

different velocity passing the measuring
volume.

O 2
U U

e Directional bias: due to the small angle
between the particle velocity and fringe
direction.
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2 SummAaRy oF LDV TECHNIQUE

https://www.youtube.com/watch?v=WL-7-47z\WCY&t=7s

Jan Jedelsky
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