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Course M2 EFE — University of Rouen

Measurement techniques

Measurement of individual particles
LDV and PDA
Rainbow refractometry
Imaging

Measurement of cloud particles
Extinction spectrometry
Refractometry (Malvern)
Global rainbow
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Course M2 EFE — University of Rouen

Measurement techniques

Techniques and measured parameters

C : concentration

Detector Particles Measured parameters
Points | CCD | Individual | Cloud [V | D C T/m X, ¥,z | Time

LDV X X X ? X y
PDA X X X | X | difficulty | possible X y
Rainbow X X X X ? ?
Global X X X X ? ?
rainbow
Extinction X X X X ? Y
spectroscopy
PIV X X X Y

V : velocity T/m : temperature or refraction index

D : diameter X,Y,Z . positions of particles

Time : temporal evolution
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Course M2 EFE — University of Rouen

LDV - Laser Doppler Velocimetry

Configuration

particles :: / A
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Course M2 EFE — University of Rouen

LDV - Laser Doppler Velocimetry

Principle of measurement

Incidents

Interference fringes

A

| ———
e
L —————

»
»

times
Measurement of velocity:
f
5]: =S l Vx = . 2’
2sIinax 2sinax
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Course M2 EFE — University of Rouen

LDV - Laser Doppler Velocimetry

Principle of measurement
Demonstration of the fringe :
E, = E,e%" = Eeler i
E, = Eje™" = E e
E=E +E, =E,(e"" ™ + ") = 2E " cos(k,X)
| =4E¢ cos®(k X)

The intensity Is maximum:

K X = Ksi x = PT__ AP
X=KSInNaX= prx — : = :
X P > ksina 2sina
A fA
P " oking * 2sina
RUNIVERSITE coO ia
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Course M2 EFE — University of Rouen

PDA - Phase Doppler Anemometry

Principle of measurement
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Course M2 EFE — University of Rouen

PDA - Model of fringes

Principle of measurement

— k«\\\ | Ag

/\ | /I\A /{5
.

f(d,,n) <=0y

Volume of measurement
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Course M2 EFE — University of Rouen

PDA - Model of geometrical optics

Principle of measurement

297 i e sin D

Relation phase-diameter: o= — _ —— + (g
"r"lljli | — coscvcos it cos @f) A

r —27m sin asin ¢ D

b B ) ) r . —

11'_."‘_«’[L— COSECOS 1 Cos r_J";l[l +m? —m v'l — COSC COS W Cos Q) A

Relation phase difference - diameter:

D

AQre = (9}2eﬂ - (9:eﬂ =C D . \{m

A¢refr = ¢r2erl o @:efr = Crefr (m) D \
reflection
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Course M2 EFE — University of Rouen

PDA - model of waves

Principle of measurement

///faisceau 2

O | =1,[1+V cos(2zv t + ¢)]

faisceau 1

Rigorous simulation

E. =E(d,m A a)+E,(d,m,Aa)

/\/\AE
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Course M2 EFE — University of Rouen

PDA - signal processing

Principle of measurement

PDA signal
—— Delda Phi=6°, Reflection

m=1.33, wl=0.633 um, 2 alpha=5°, offaxis 30°, _ DA
—— Delda Phi=6° Réfraction
360 /,
7 e
/\/\/\ 300 a /

240 /

1L filter—FFT  _w|

NI

120

60

7
/
0 d

RN T N T
AP [lcsp gwl N N

N N R N

Différence de phase [deg.]

T \V4 R
AN - \
Diamétre [um]
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Course M2 EFE — University of Rouen

PDA - trajectory effect

Effect of scattering mode

Intensité (log)

Reflection dominant ?
Aqarefl — Crefl D

or refraction dominant

A =C . (m)D

refr
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Course M2 EFE — University of Rouen

PDA - trajectory effect

trajectory effect

refraction dominant

Plane wave
or d < w, Independent of position

Reflection dominant

Gaussian
beam

Refraction dominant

d ~ w,
or d>w,
Dependent on position
RUNIVERSITE co—=ia
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Course M2 EFE — University of Rouen

PDA - trajectory effect

trajectory effect

4

. Le
1"\\ r/q\ Imn.\'
— I NI 1K K
ma. |
G T f | | [ I. IJ‘H‘H‘.\'
N f_f;.,ﬁh? r-|||||| |||| o
Reflection dominant A WU o |||!\i‘ 1
VLUV I
% L | reflection | | | | || e
Lo IS
L refrgaclotloni
P -
H \_ i i =m
: : S ;o
refraction dominant E
temps
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Course M2 EFE — University of Rouen

ADL and PDA

Dynamics of measurement

For small particles i
(Rayleigh scattering regime): |
| « D° — log(l) o< 6log(D) : | >
= l Big particules .
) |
: : Q |
For big particles: - |
|l cD — log(l) o log(D) Diffusion i
Rayleigh |
A
[og (D)
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Course M2 EFE — University of Rouen

Rainbow

Natural phenomenon

4 ;:(-:\“ V
(- X
ey
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Course M2 EFE — University of Rouen

Rainbow - geometrical optics

GO model of rainbow

Geometrical optics:
O,=r—2i, 6,=-2(Gi—i"
0,=2t—-2pr'=2pi'-2i—-(p-Hr

do, di'

_2p9 5 _p
da ‘P

0 =2pcos™ (wj —2i+27q
m

pz —m?
avec sini = ;
p° -1
0 =2arctan( il _12J—2parctan( £ (zm _21)
P —m p’—m
Rainbow of 1%t order : p=2
UNIVERSITE Rainbow of 2" order : p=3 co—=ia
m ROU EN CNRS - UNIVEIl?JS"II{E of ;II\AI'SA de ﬁEN
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Course M2 EFE — University of Rouen

Rainbow - geometrical optics

GO model of rainbow

A n 0, 0,
486.1 1.3371 138.5° 128.0°

656.3 1.3311 137.6° 129.6° Incident
rays m
R
3 R2
DEROUEN l1-18




Course M2 EFE — University of Rouen

Rainbow - in the nature

Can we N
observe

personally
a whole .
rainbow?

Why ?

How?

»

Photo of a rainbow taken by drone in Guangzhou Sept. 20, 2020
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Course M2 EFE — University of Rouen

Rainbow - Airy theory

Sir George Airy
(1801-1892)

O

Airy theory (1838)

» Phase difference is:
AV = khv? /3a*
» Amplitude is constant
for all emergent rays
» Amplitude of scattered
field in O direction:

oo
f ¢ — k(0 —0g)+ikho?/3a® g,
— o

G.O.
_ * The version of van de Hulst (1957)
Alry theory permits to predict the profile,
* But the absolute intensity was
corrected later.
Oy, (M) , e
RUNIVERSITE
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Course M2 EFE — University of Rouen

Rainbow - Airy theory

Peak positions according to Airy theory :

Oniryi(m,d)

6y — Oy ()| = 1.087376(

. v3

Z_H

12

4o’

972_2 1 2
‘gAiry,K —ng(p,m)‘:{ K+Z) H

o (p2 _1)2 |: p2 _m2 -1/2
Pt [(m*-1) | | Interference b/t

the rays Aet A’
A,: constants

Measurement of

Ref: Wang & van de Hulst et

Appl. Opt. 30(1):106-117 (1991).

O o m) 0

go
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Course M2 EFE — University of Rouen

Rainbow - GLMT

GLMT and Debye theory

1.E+07
1.E+07 A/‘ }"
8.E+06 f\ U V n
v
- 2 6.E+06 I A A
£ o il
 4E+06 "/‘ 3\ A

ik LRI
sero0 LamncV VWY

137 137.5 138 138.5 139 139.5 140 \
o Ripple: . i
B+C
=
Debye theory/series: “ié, Ondes de
Separation of all the modes 2 | Airy: surface A+C et
- Diffraction Saes B |
- Reflection % M
- Refraction of order p BOED e
frequency {1/deg.)
ST co=ia
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Rainbow - metrology

fripple (1/deg.)

Course M2 EFE — University of Rouen

Measurement of diameter

45

36

N
~

[EE
(o]
T T

0 L L L L ] L L L L

m=1.3324

100 700

AUNIVERSITE
DEROUEN

1300 1900
diameter (um)

2500

111-24

Relation

diameter- ripple frequency

d=571f

ripple

Typical error: 600 um=2pm

For you to reply:

- Does the factor depend-on the
configuration?

- Suppose that the number of lobes ~ a,
find the relation between f et d.

-
UMR66T4 =
CNRS - UNIVERSITE ot INSA do ROUEN




Course M2 EFE — University of Rouen

Rainbow - metrology

Measurement of diameter variation

3000

diamétre
600.00 pm

 600.05 pm ,
2000 |

: |

11\/\/\/\. . Y

I] " "
137 137.4 137.0 138.2 138.6 139
Scattering Angle {deg.}

o

=

=

=
!

Tt

=

=

=
I

Scattered-light intensity (arbitrary unit}
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Course M2 EFE — University of Rouen

Rainbow - metrology

Measurement of diameter variation

180
& 90 i c—— 0.256pm — <
@
T I
@
Q
o |
E B
(]
o
£ sl
o |

180 ] ] ] ] I

599.7 599.8 599.9 600 600.1 600.2 600.3
| | |

Cylinder Diameter ( Jm)

N =

« Precision : ~ 10 nm for d=600 uM =
DEROUEN s i




Course M2 EFE — University of Rouen

Rainbow - metrology

Experimental setup

High Pressure
Azote Gas z
%0
I Experiment
s
70 -
|| o}
Z ¥ L
50 -
Water M etal pipe I
tank
30 -
ol v
% = 0 400 800 1200 1600 2000
Water jet Digital linear
CCD camera

O O o0l

RUNIVERSITE co—=ia
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Rainbow - metrology

Course M2 EFE — University of Rouen

Experimental results

Comparison between measured and calculated signals

DEROUEN

experiment
—— Simulation

Ripple

Surface wave
1 1 I 1

10 ——————— e e I Emama 3 1 i
Ena ﬂ\ﬂn\ o .’mu:jll | _ E 08 _
» M J'J 51 x 12 |
3 | f'” S} i i | 3 o6
0 T TN | -

: *'rjj l' J’] l Iﬁ, ﬂf T 04f
Sk, ;w::f ll i 1} Wl 5
.J'F‘nr'ru :q.!‘ﬂ'll II';nd ..ﬂ.'r i @ 0.2 [
137 4 1379 ;:I.Iue”" .J mu E.la;”u | 139 .4 13
0 0
FFT of the derivative
RUNIVERSITE
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Course M2 EFE — University of Rouen

Rainbow - metrology

Experimental results

Arrival of i
water 0 T eBRUN

alimentation — :jz

I — flowmeter poee ]
= om 5 om
distance from orifice (mm)

Heating ]
Ripples toward to ~ I
the Alexandre band 2
1st : ol H

2nd : eT B 10°

L L Il Il L
1 4 7 10 13 16 19
Distance from orifice (mm)

RIMVELSITE coia
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refractive indice

Course M2 EFE — University of Rouen

Rainbow - metrology

=
w
[

Measurement of temperature gradient

m=1.3316

[uN

w

(%)
T

1 327

T 1324

m=1.3216

[y
0

02

P IR S S SR S
0.4 0.6
relative radius(x=r/rp)

AUNIVERSITE
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R
0.8

1

1E+7 [
1E+7 |

8E+6 |-

tensity (a.u.)

=
+

(o]
I

gin

AE+6 —

scatterin
N

m

(@)]

OEl 6.5

,,,WM‘MMM 1A

—— m=13216 (80° C) (80" C)
b=-3

— b=0 (linear)

—Db=6 |

—— m=1.3316 (20° C)

—_—

1285 1305 325 T 1345 1365
scattering angle (deg.)
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Course M2 EFE — University of Rouen

Rainbow - metrology

Variant of rainbow refractometry

FFT & CSD Ripple frequency : Ad ~ 0,1 pm

m Phase difference: Ad < 0,01 pm

180

500

— 120
400
o .
2 H “ - 80
2 300 5 g
ko] ﬂ H &
NO) —H0 E
= o
g 200 2
E \n | 60
100 ; H N 3.08 [ ]
' . J f@r ] -120
0 r r y 307 |
45 50 55 60 0 N - Tl

125
iffusi Diamétre de particule
Angle de diffusion iamétre de particu

RUNIVERSITE
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Course M2 EFE — University of Rouen

Rainbow - metrology

Summary of rainbow refractometry

1.E+07
- O 1.E+07
» Refraction index
. 8.E+06
» Particle size 2 62406
- 4 E+06
o

2.E+06
0.E+00 A i u
137 137.5 138 138.5 139 139.5 140
Angle de diffusion

Gradient of refraction
Index or of temperature EET CSD

frip—>d (600 um) A ¢ SAd
0d <5 pm <10 nm

DEROUEN o

Precise size and sphericity




Course M2 EFE — University of Rouen

Rainbow - metrology

Rainbow of a real liquid jet

H ‘ p=6

—

I
Profile of
liquid jet

Relative height

t t +
- 128.5 130.6 1384

Azimuth angle (deg.)
3.2~<

e
HEES
LA

(*9p) 9[Sue uonBAI[g

Experimental scattering patterns.
. 165

60 . - _
g 1050 acident anele (0% Simulated rainbow positions.

ZHNUI‘]) ane 1 50
= ]
UNIVERSITE coO ia
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Course M2 EFE — University of Rouen

Rainbow - metrology

Rainbow of a real liquid jet

L " n n n
rainbow angle

““““

Scattering patterns simulated p=: | |  istrainbow angle
with VCRM: : R e =

- Avrreal jet illuminated by an Bl
elliptical gaussian beam. = &

- Tilt ripple fringes depend on the
vertical curvature of the jet.

6 1

1% rainbow angle

@ [deg.]

N

- p=

3 p=2
R - j,,j . :7.,,,,:::;}7:, f:{-,, ,f};,,,,gi, < W ((’/): 0

= E = E

137.5 13 ?\5 139.5 140.5 141.5 139 139.5 140

UNIVERSITE i
DEROUEN
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Course M2 EFE — University of Rouen

Imaging technique - principle

Theoretical principle

Optical imaging system:

— >
AESCMIEIELE Huygens-Fresnel
TLMG/TLM of the lens
RUNIVERSITE co—<ia
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Course M2 EFE — University of Rouen

Imaging technique - principle

Imaging in different stages

particle

Incident
beam lens

Image
out of focus

‘~ Imaging (SDV)
(§Z Digital holography
~.

AUNN PDA at glory points

DERcen. 111-36



Course M2 EFE — University of Rouen

Imaging technique

Effect of diffraction

Image of a hole by TLMG:
r=1.0mm, 7 =2.0mm r=1.0mm, r =2.0mm
wy=10mm, A=0.6328m, dp=5mm. z,=159mm w,=10mm, A=0.6328m, dp=0, z,,=159mm
0.008 —————F———T———1—— 0008 T E T
0.006 | - 0.006 | ]
= 3 > :
i : = [
E 0.004 B . % 0.004 - ]
£ [ | = :
0.002 I . 0.002 | ]
0000 Lol b L L 0000 L b b
0.000 0.001 0.002 0.003 0.004 0.005 0.000 0.001 0.002 0.003 0.004 0.005
I’3 I’3
UNIVERSITE co—<ia
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Course M2 EFE — University of Rouen

Imaging technique

Out of focus Imaging

10° =
— — =0
= - =1
- — o
LY —_——p=3
-1 -
p=6
10 — = e
——— 5
3 LY f ;
T 10 Y !
o "‘_ F /)
c L) ——
o - T —_—————
@ 10 3 =
5 = = —
E L 1 "I! |
H P J
- 107 ‘: e I N
y ; —
— ] 1 | 5"
— _— [ I
— H i _ J
0.0 30.0 60.0 90.0 120.0 150.0 180.0

Angle de diffusion {(deg)
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Course M2 EFE — University of Rouen

Measurement techniques - 2

Measurement of cloud particles
Extinction spectrometry
Refractometer (Malvern)
Global rainbow

RUNIVERSITE coO ia
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Course M2 EFE — University of Rouen

Extinction spectroscopy - Principle

Beer-Lambert law
dx

;ﬁi/o o © O o
° 0 e o .
@)
o o ©
o\o @) ®) (@) (0]
@)
Balance of energy:dl =1 n(r) C,(r, A)dx

@ o O
| =1, exp[—LjOooCext(r,ﬂ)n(r)dr}

RUNIVERSITE coO ia
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Course M2 EFE — University of Rouen

Extinction spectroscopy

Extinction factor behaviors

m=1.33

Extinction Curves Extinction Curves

. . —_— |anll[|i’:l=ﬂ.5ﬂﬂﬂ pm 4'5"""'E'"'"E"""E'"'"E'""'E'"'"E"';-rlﬁﬁl'tlﬁéﬁ.ﬁi}ﬂp'ﬁﬁf
_______ e lamda=0.6000 pm . . . . . . | lamida=0.6000 pm
‘ V| = lamda=0.T000 pm 41 s : : : :
o — IanuI{l:ﬂ.ﬂﬂM pm
-------------------- T

Qext

Diameter {um) Diameter {um)

RUNIVERSITE T g(%) Re(ﬂzi} co—<lia
DEROUEN
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Extinction spectroscopy

Inversion problem

Course M2 EFE — University of Rouen

Mono-dispersed particles :

| =loexp(—LCextN)

L CexN=In(lo/1)

Poly-dispersed particles :

N=

In(lo/1)
“LCoxt

Zcext(r A)N(R)=L In( G )j

Inversion problem :

jo “A(r,)n(r)dr=s(A)

/

Extinction section

AUNIVERSITE
DEROUEN
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Extinction spectroscopy

Inversion problem

Course M2 EFE — University of Rouen

I=1,exp [—LfCext(rﬂ)N(r)dr} [RINVERSE: N(r) |

S

measured: 1 (A)

reference: 1,(4)

MUNIVERSITE
DEROUEN e

spectrometer
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Course M2 EFE — University of Rouen

Extinction spectroscopy

Measurement of soot emitted by a motor (CERTAM)

2

=

15

—e— partie réelle

()

1 —&— partie imaginaire avec ligne chauffée

05 “\\-\.\.
l\.\.‘.'\l——lhﬂ——l—l\.
0
0.5 0.6 0.7 0.8 0.9
onauenr d'onde
J‘I l
0.1

(3]

Indice de réfraction

~

w

N

[N

0. 26 - Measured

0.2 ISR\ SIS S SO S S S S - Verified

Radius (um)

0.2 =
0.1 N St TS S e S—
0.16 g ‘ | ‘ : —
0. 14 s St S S S —
0.12 2
0.1 =

0,08 e R e

05 055 06 065 07 075 08 08 09
Wavelength (pm)

UNIVERSITE i
DEROUEN

111-44




Course M2 EFE — University of Rouen

Extinction spectroscopy

Measurement of soot emitted by a motor (CERTAM)

[part/cm3]

3

(@]
N—r
o
o
=
°
~
=
o

M

100 1000
diameétre [nm]

SMPS ELPI Exinction spect.
D moyen (nm) 86 111 101
D modal (nm) 68 71 101
fv 1.07E-8 1.62E-7 6.07E-8
e ¢, (part/m3) 1.01E13 1.22E13 7.85E13
RUNIVERSITE CO~ ial

m HOUEN RSIE o I o
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Extinction spectroscopy

Course M2 EFE — University of Rouen

Caution for a dense medium

lo

>

Pl __
\;\)
Ld

* N(r)L must not be too small (measurement noise)
neither too big (multiple broadcast),

e d/Ld must be small enough.

AUNIVERSITE
DEROUEN
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Refractometry

General inversion problem

Mono-dispersed particles :

I ¢9)=|o( Jl(kasin6')j2

kasin@

Poly-dispersed particles :
Ju(krsing) )’
1(O)=10)_ N(ﬁ)( 1IEnsir:¢99))

Inversion problem :

j(: A(r.An(r)dr=I(6)

t
/
Diagramme de diffusion Eeeile:hliglife]sR ' Intensité angulaire
MUNIVERSITE coO ia
[E ROUEN e
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Course M2 EFE — University of Rouen

Refractometry

Principle of refractometer (Malvern)

lentille

detecteur
0=r/f ]

laser{

H“,I???l nuage de
Spatia particule

T‘ small particle large particle

®

L

s
RUNIVERSITE CO ia
UMR 6614 -
CNRS - UNIVERSITE of INSA dé ROUEN
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Global rainbow

Course M2 EFE — University of Rouen

Principle of global rainbow

Mono-dispersed Particles :

I(m,r,0)

fg~ 1, Ag~Ar, Oy ~ M

Poly-dispersed Particles

l()=10>_N(n)I(r,6)

Inversion problem:

r,on(r)dr=I1(6)

J, 1«

Scattering diagram

AUNIVERSITE
DEROUEN

Angular Intensity

-
UMR66T4 =
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111-49



Course M2 EFE — University of Rouen

Inversion problem

Algorithm of inversion problem
Fredholm equation of the first kind

[ KO y)f(y)dy=g(x)

Discretization:

gi—l—a:ZWj Ki,jfi

g; — measurement error, w; — discretization weight.
Usually this is an 1ll conditioned equation.

Regularization:

M =||Af —g|f +B

RUNIVERSITE coO b ia
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Course M2 EFE — University of Rouen

Inversion problem

Algorithm of inversion problem
Phillips-Twomey :
(ATA+7/H)f = ATg

Physical constraints:

n(r) >0
f(r=0)=0
f(r >0)=0
f'(r=0)=0
Algorithm NNLS (Lawson, SVD, ...)
AUNIVERSITE co—=ia

DEROUEN
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Course M2 EFE — University of Rouen

Rainbow

Fig (a) presents the scattering diagram of a water droplet illuminated by a plane wave and

Fig (b) a schema of rays around the rainbow angles.

1. Explain the formation of the ripple structure (high frequency) and the Airy structure in
Fig. (a) with help of the Fig. (b).

2. Estimate the radius of the particle from the Fig. (a).

Scattering diagram
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1. Theripple structure (high frequency) is formed by the interference of rays external reflected rays B
and the internal reflected rays and A’. The Airy structure is formed by the rays around A, i. e. rays of
types represented by solid and dashed red lines.
2. We have 35 ripple peaks over 5°, i.e. the peak number over 180° is N=35*180/5=1260 ~ a.. So the
radius a ~ aA/27=130 pum. The real size is 200 pum.
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