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Structure

* Review lecture 9

* Optical measurement
* Resistivity measurement
* Radiography/Tomography

* Velocity measurement

TECHNISCHE . e
@ UNIVERSITAT Lecture 09: Foam Measurement Slide 3 DRESDEN )
DRESDEN Sascha Heitkam NP



Response to stress:

* Elastic body * Newtonian fluid:

Constant stress - constant strain angle Constant stress = constant strain rate e
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Rheology of foam

Shear stress T
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Low strain: elastic behaviour

Critical yield stress causes bubble rearrangement

Viscous behaviour at high stress, strain

flow
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Elastic behaviour

Yield point
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Simple aproach: 2D foam

* Dry, monodisperse 2D foam forms hexagonal pattern

* Shear stress results from surface tension of cutted lamellas
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Yield point for 2D foam

* Flow of foam is a sequence of T1 rearangements
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Elastic behaviour of wet foam

* Experimental results: liquid fraction reduces shear modulus

* Loss of rigidity at jamming point (36% liquid fraction)
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Role of surface compressibility

* Surface compressibility (mobility) depends on surfactant

* Compressible interfaces result in lower wall stress

10+
: 0.5 wt % K Myristate
- + 0.25 wt % K Palmitate
- + 0.25 wt % K Laurate
U essible interface (free-slip)
y ~ 102 | A y
L rql/2 3 N m=1/2 2 ~Ca?/3
Twall™ Ca B A g Twall Ca
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Shear banding

* T1 rearrangements are localized in a single sliding layer (band)?
* Local shear might attract more liquid (dilatancy)

* Locally higher liquid fraction reduces shear modulus, stabilizing shear layer
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Rheometer

* Review on foam rheology

INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS: CONDENSED MATTER
J. Phys.: Condens. Matter 17 (2005) R1041-R1069 doi:10.1088/0953-8984/17/41/R01
TOPICAL REVIEW

Rheology of liquid foam

R Hohler and S Cohen-Addad

Laboratoire de Physique des Matériaux Divisés et des Interfaces, Université de Marne-la-Vallée,
UMR 8108 du CNRS, 5 Boulevard Descartes, 77 454 Marne-la-Vallée cedex 2, France

Received 14 June 2005, in final form 4 August 2005
Published 30 September 2005
Online at stacks.iop.org/JPhysCM/17/R1041
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Sliding plate

Rheometer , , Area §
,;:% é—% a—aw—% >( V

* Measure relation between strain (rate) and stress -
*  Well defined geometry i o
v {r.z) = Ll
. . . . . . L
* - analytical solution of stress / strain distribution — s
ry=— B
L L
o . . . 2Mr
Avoid wall slip! = etching grooves, sandpaper o(r) = O3(r) =3

R
Normal stresses F=m | (Ny =Ny rdr
0

Cone-plate
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Herschel-Bulkley law

Steady shear ,
T = Tyjela T T]pgﬁ: B<1
* Set steady shear rate (or steady stress) 4
* Wait for steady state and measure stress (or shear rate) =
R
* Test different shear rates %
= Yield stress
° 4 measure T s &
€ ‘ N Mg
time - time shear rafe &
} L T T T
” ' ' ' « Effective viscosity m]; " %
- /‘/L] flo =/W/\ 7/€ in flow state & E 01
L TPV ey L
% o | g)) H]E -f:ll:u E
% g E .40
m .
G & | v o Ro= My, |
m E (L&) ¢ o - ]
0 . . ] | "'I“ II I””!-[}: II I“”I.Iil" o ”“-I.lir"
° ' Shear straine e [15]
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Shear start-up

* Shear start-up

* Start to shear with constant shear rate, measure corresponding shear stress

[ B et

time time time
,«/‘1 flow
os | ' pr—f A * Elastic shear modulus
;| VTV
@ -/“ _ * Yield stress
g TN Yield point
'-g 02
=
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Oscillatory shear

« Sinusoidal strain of amplitude ¢, and frequency w
« Wait for steady state and measure resulting stress

« Gives complex shear modulus G*(w)

T =1, R(eiwt+5)

€ = g R(e'®?t)

measure T
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Structure

* Review lecture 9

* Optical measurement

* Resistivity measurement
* Radiography/Tomography

* Velocity measurement
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Optical measurement

* Most convenient, but: Foam is opaque
* Typically limited to surface of a foam cluster
* Many established measurement techniques are not applicable
LDA o PIV o
Flow with e
seeding particles
/ ; Mjasurement
M(z:,;nl‘:;;ntec Dynamics (c) Seika-Utgital-Image
TECHNISCHE o
UNIVERSITAT Lecture 09: Foam Measurement Slide 17 DRESDEN ‘\r b}
DRESDEN Sascha Heitkam FATER!



Light refraction

* Thick lamellas - partially reflected, CBF lamellas - no reflection

* Lightis refracted/reflected by Plateau borders
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Foam height

* Automated measurement of foam height, using transmittency

*  Commercialized in foam test devices

A

__J 120 -
100 .
i
_'57 80
) £
=
£ 60 ] I P4
T 1
|\ a0 | YW LM i
! | # Y MR U
Intensity 20 y ﬂ#
NN
O | T | | I l
0 20 40 60 80 100 120
(a) Hmgys Stop bubbli
[Hoang et al. 2020] op bUbhiing
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Optical tomography

z ¢
image plane |
motorized
stage z
z=HJ
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Reconstruction of Plateau border structure

visualization

CCD Lhesa camera

ZF
Micro Nikkor monitor
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f/2.8
FOAM glass lid
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glz ]
ate M j 7 glass lid
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Suitable only for dry foam and lass than 10 bubble diameter thickness

F' S

[Monnereau & Vignes-Adler, 1998]
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Optical tomography near the boundary

* Careful image processing yields crystalline structure

* Comparison with ray-tracing to tell apart FCC and HCP

Experiment

Simulation

ABC, Fec (111)

~4 mm
[Van der Net et al. 2006]
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Optical measurement of foam surfaces

* Pictures of wall-bounded foam show a lot of structure 5o
* Neural Network approach to segment bubbles -
250
200
QDr
- ; e 150
100 - .
\ LED screen 50 =l ..
/ B 00 100 00 300 400 ) 500
Camera ™ d, = i@
2.51 —+— Model Prediction
\ —A— Ground Truth
2.0
g
fores = 1.5
a
1.0
Solution /
e 0.5 -
Sparger I —— - 0.0
Parg Class 2 0 25 50 75 100 125 150 175
Equivalent Diameter [px]
[KnUpfer & Heitkam 2022]
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Optical measurement of foam surfaces

total reflection

* Enhanced image contrast using total internal reflection "2

* Lamellas appear bright, Plateau borders appear dark
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Bubble size measurement

Segmentation algorithm (discussed in lecture 3) > Lamella size

Relation between lamella size and bubble size from Surface Evolver

Recomputation algorithm in [Wang & Neethling 2008]

-
n

0 02 04 06 08 1 1.2 14 16 18 2
Bubble / film size
—— Actual film size — — Actual bubble size - - - - Predicted bubble size

[Wang & Neethling 2008]
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+10% .
1 5.0 1
Bubble size measurement *20%
4.51 P
* Direct measurement with two methods: _ 40
S 3.5 3
* Surface segmentation vs bubble extraction = e
= 3.04 e
* Surface segmentation underestimates by 6% S . Ny
e ,.r;
2.0 /".
<
15 /‘.
Overflow| 9% 2.0 3.0 4.0 5.0
I_,._:_____lggfiace DlO,sam [mm]
|
. o 3 1.3
| g 5 — 1.06+0.03
o_. M S @ T 1.2
f—_ﬁ: g
| A Sampler &
@ | |Eubepl 9 Camera S 1.1 oo ?‘ . .
|_I 2 Qe ® e o o
I™""LED Panel : 100 mm £E1.01 .
W
Sampling Section . lep ,?:
ﬁ ‘Lo Q 0'9-
0.8 :
(b) i o 1 2 3 4
[Kniipfer et al. 2023] 'Qur R Column D10, sam [mm]
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Liguid fraction measurement

« Segmentation algorithm (discussed in lecture 3) - Lamella surface area fraction ¢,

« Relation between lamella size and bubble size from Surface Evolver

Lecture 09: Foam Measurement
Sascha Heitkam
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[Forel et al. 2016]
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Stress (deformation)

* Segmentation algorithm (discussed in lecture 3) - Aspect ratio and orientation of bubbles

* Local anisotropic stress distribution

- LI I A T e e o I
* s CEE B S Sk T R S S T N N
LI T I B I 25 A N N A I S
LRI R L L - 2 I N A R T N N
+ otk R R R R R Xk + 4+ 4+ F F 4+ + 5 0
+ b R R R I B S R

W e e e e
+ 4+
+ 4+ 4 A

L . T T T T ]
¥ XX xxxx g LE S I T S T TR T
LR A 2 A R T N S S T SR
aaaaaa LI S S I T S S SN S
LR LI S kN O S S N N
- - - TR I O I R TR TN R S T S A

i [Dollet & Graner 2006]
[Janiaud & Graner 2004]
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Structure

* Review lecture 9
* Measurement of foam rheology

* Optical measurement

* Resistivity measurement

* Radiography/Tomography

* Velocity measurement
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Liquid fraction €-> resistivity

* Gas has zero conductivity - current is transported by Plateau border network

* Conductivity is a good measure for liquid fraction R —
- B
l Gas bubbles or oil droplets 4 A/ |

g > A
0.8 ]
Gi
a as /{__: ..... Gfoam — ¢ 2 (1 + 12 (Pl) ;:v/‘;ﬁ
== = — =@ > 5 A
=" Oliquid 6+29¢,—9¢, = .
-ig 0.6 @ N
S
= =: __E""-’“""’d"-’ 5 Oker-Blom

é T 250 +1002°7 Oliquid g Q{néf&L o &

atye & Lemlic

g o« Peters
0.2 Curtayne 7]
Penn
Orsay

olee®™ . T S | | | B

0 0.2 0.4 0.6 0.8 1

Liquid Fraction
[Feitosa et al. 2005]

.
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Liquid fraction €-> resistivity

* Shape of electric field over-weights volume close to electrodes

* Larger electrodes are preferred

Gas bubbles or oil droplets
Fi

0.0
A Electrode Poteniis I;dlllllil::l_ﬁ = |
-10%. |
1L
R~~~ ib)
b=0. = [Maestro et al. SM 2013]
=0
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Liquid fraction €-> resistivity

* Liquid fraction layers at wall

* Influence of electric conductivity???

Gas bubbles or oil droplets

Electrade
o151 0505 1 . 05

' =B :<7 <
:

I 1 2

-~

o=,

]

/

L g

A

.

' _Liquid fraction
profile

Foam layering
[Skrypnik et al 2023]
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Liquid fraction €-> resistivity

* Commercialized for liquid profile measurement

* Liquid profile yields drainage resistance

i

Gas bubbles or oil droplets

Ligued content %) Time 16.20s
Q0

i
150 ‘/——\

10.0

7
Gas =0
Z4 — =5
Tiree s}
- | Electrode
0
AN [Hoang et al. 2020]
= 20
é 40
1 g
3
g 60
80
RN S Y
] 02 04 06 08 1
Liguid fraction
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Wire-Mesh sensor

* Measurement at crossing points between two arrays of wires

* Currentinjection in one electrode pair - el. Potential on all electrodes

4

(%]

Transmitter
Circuit

TR
AR

Receiver
Circuit

05

! i.
(pWNIS

[Ziauddin et al. 2022]
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Calibration of Wire-Mesh

314 —§— 0, & miimin, Q=0 mimin IL'I}E —— 9~ & miimin, G = 0 mifmin
. . . . . e By = n —§— 0 =& mimin, Q=24 mimin
* Wire-Mesh sensor for liquid fraction in foam b - BT, s 2~ i
i Q= & mlimin, Gy, = 24 mbmin ir —F— Q- & mlimin, Q, =24 mifmin
" —#— Moving Foam — 4008 com #-— Moving Foam = 1000 scom
4k 4
25
Z E &.f'»m,j
i L
2F 3 r
L £ : Y
1 P e bl ¢
TITIIYTIIITILT QH ! |
150 mm| [ 100 mm it W
1t HH-‘-__...--"- - -‘F"" i
[
( D
Y L A
tﬁ: /// 0 50
6F //;‘J ] ,:[m]
150 mm| ; 0 _
a:.“g 4 : water
= g bridges
- sk o i
|
2F e Jslope=1_7
a 1k .
o : : é !
. . ) 0 05 1 15 2 25 35 4 EE
[Ziauddin et al., Journal of Physics: Condensed Matter , 2022] e [%] ! ;
o
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Electric resistance tomography

Set of electrodes along the circumference
Current injection in one electrode pair = el. Potential on all electrodes

- Highly nonlinear, complex reconstruction process

04
0.35

0.3

0.25

Current flow lines lsopotential lines
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Electrode Arrangements

* Many arrangements possible

* Focus on different zones, weighted according to local current density

_“High weight

Low weight
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Structure

* Review lecture 9
* Measurement of foam rheology
* Optical measurement

* Resistivity measurement

* Radiography/Tomography

* Velocity measurement
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Radiography

* Radiation source and detector

* Radiation is attenuated by measurement object - Beer-Lambert law

Flat panel sensor

= l
.
-..
-
.
-
.
%

o

X-ray \‘
Ubject o

.-

Turn tabIE . .
Mmmfmcus X-ay source PC for image processing

©Hamamatsu

[Wang & Cilliers 1999]

TECHNISCHE ‘ S
@ UNIVERSITAT Lecture 09: Foam Measurement Slide 38 DRESDEN L h
DRESDEN Sascha Heitkam . cance Pt S



Exercise: Attenuation

* How strong is the relative attenuation of different foam samples
2
o cm I
* X-ray, 150 keV: “NIST Standard Reference Database 126" > 5 = 0.0575 v = e ~(05)
0

* (a) Block of shaving foam, 10 cm thickness, D,=0.1Tmm, ¢,=10%

* (b) Plateau border (transversal oriented) of soap foam, D,=5mm, ¢,=0.1% 5
r

Decoration theorem: @; = 0-72F
e
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Exercise: Attenuation

2

o cm 1
* X-ray, 150 keV: “NIST Standard Reference Database 126" > — = 0.0575 — - ¢ = 0.0575—
p g cm

* (a) Shaving foam, 10 cm thickness, D,=0.1Tmm, ¢,=10%
IL — e—(crs) — e—(0.0575 /em - 10cm - 10%) — 94.49, g = 5.6%
0 0

* (b) Plateau border (transversal oriented) of bath tub foam, D,=5mm, ¢,=0.1%

Decoration theorem: ¢; = 0.72—

R
r =R, f% ~ 0.093 mm ¢

Al
i — e—(O'T) — e—(0.0575 /em - 0.0093cm) _— 99.946% — = 0.0549;

10 [0
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X-ray tomography

* High-Intensity radiation from synchrotron source -> better contrast
* Very precise measurement requires long exposure

* - Small measurement volume, small velocities

¥ : e / ; 4 .‘ '~ / :
N ".‘ L ﬂ-g 2 O v g %.\ -

- B s o WA S NS
100 um ’-.’ PR - -

[Raufaste_et al. EPL 2015]
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Neutron radiography e

* Neutron sources with sufficient neutron flux are rare s §

* Unique attenuation properties

X-ray (150kv)

. ° ° ° ° (- ] ' ‘ '
H B C O Al Fe Eu Gd Pb

Hydrogen  Boron Carbon Oxygen Aluminium Iron Europium Gadolinium Lead

1

Neutrons (25mev)
08+
>
g 0.6 H20
g —PE
T 04 Eu
= — Gd
Al
0.2 — — — 100 um Pixel
0 1 \\ L “t 1 i
10° 10' 10° S o i
L [urm] 0 min— D,0 applied > 4 min
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Exercise: Attenuation

2
o cm 1
* X-ray, 150 keV: “NIST Standard Reference Database 126" > ) = 0.0575 5 - 0= 0.0575%
Oneutron = 3-74%
* (a) Shaving foam, 10 cm thickness, D,=0.1Tmm, ¢,=1 0%1
= 0
i — ¢~ (05) — p—=(0.0575 /cm - 10cm - 10%) — 94,49, [ >.6%
I Al
— =97.6%
ly
* (b) Plateau border (transversal oriented) of soap foam, D,=5mm, ¢=0.1% r2

Decoration theorem: ¢; = 0.72—;

. D1 _ Re
=R, f0'72 ~ 0.093 mm

I Al
= e~(01) = —(0.0575 /cm - 0.0093cm) — 99.946%, = 0.054%
. 0
Al
— =3.5%
o
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Neutron radiography of liquid fraction

Forced drainage setup in neutron radiography

* Plateau borders visible

* Liquid fraction can be quantified

Water injection Q e T ——
‘ ;‘ ‘ — — — Lorenceau 2009
< 10}
=
kel
©
=3
[y
=
< 5f
£ =
© ©
L L
-
] %
= ) 0 ' ' ' ' ' |
0 005 01 015 02 025 03 035
Q/S [mm/s]

LR [Heitkam et al. 2018]
Water surface
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Neutron radiography of liquid fraction

* Measurement of liquid fraction distribution

* Unsteady, 2-dimensional distribution investigated

* Comparison to drainage equation

6
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1
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0.08 .
o Q=10ml/min 1
o Q=3ml/min A/ :
& oog| 0 Q=15ml/min L
=] 3D Simulation I
o] s Yo 4
-5 -t Experiment |/ ;," T li . L.
= 4
.2 002 I
(] 1 1 1

] A —-J}/\E __/f
= A

50 60 70 80
horizontal position in mm, x=55mm

(a) Front positions withQ = 6ml/min
S — — 5
I iquid source

|| |<&=>Experiment

100

vertical position in mm

20 40 60 80 100
horizontal position in mm

[Walzel et al. 2022]

Slide 47

S
DRESDEN { ‘
concept v}



Structure

* Review lecture 9

* Measurement of foam rheology
* Optical measurement

* Resistivity measurement

* Radiography/Tomography

* Velocity measurement
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Optical velocity measurement

Consecutive images with defined time shift At analysed

(c) Eric Janiaud

Ax, [ At

[B. Dollet]

A: Segmentation - shift of each bubble center position Ax, > velocity u,

7N\
P
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Optical velocity measurement

* Consecutive images with defined time shift At analysed

* B: PIV-Algorithm = interrogation windows

* - cross-corelation of consecutive images yields Ax (x,y), = velocity u= Ax / At .
AX
t1
ISSSS80 t+At AX AX
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Xray-Particle Tracking Velocimetry

. &
. S
* 3D-printed particles with metal content, sticking in foam 4 mm
Zmm
* Tracking of particles yields velocity and vorticity of the foam flow @ cap concept (b) close-up image (c) X-ray image of tracer T1
X-ray imaging divergent X-ray beam ! -
- Velocity U
. . O — trans1 xi — 1 & xi
foam experiment ,.--""'I b g 12 B Z.\’_: j
ot 2 - e —— rot2 7=l
- A — ot3 " .
¢ —— rot4 . XEEE N
s <« — rot5 Ul:w
& < _ o —— "dt6
U, =45 kV T
l, =0.05 mA e
Rotation w
_ _ pitl _ pi—1
microfocus X-ray image ol =8 g
X-ray tube detector system g 2- At
500 mm 50 mm
- < b

[Lappan et al. 2020]
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° ° Tachometer

Magnetic Resonance Imaging (MRI) =

* Couette rheometer placed inside NMR, filled with shaving foam B
Torque sensor

Velocity (of liquid phase) vs position measured by NMR

* 90 sec measurement time

. | computer
- + AN+ N/A

A T

Upper bearing I
Signal
Tubing conditioner
i i : 0.04 < Ethernet link
Rotation velocity (rpm): . X 5 | Shaft
0340 * 10 ¢ & 95 I
A e 20 * S Pneumatic jack
a <] 40 Q 4 * 5 A uD |
0.02 il
N s 60| % g8 2 g f !
A ] o 80 E # a E 4 0.
@ 0,2 - i o g . -. 5 i
é A a . & *4¢ :‘ :D g
= 4 % m} & o_ua-mm---‘---‘------;-;»-n‘;,ﬁ.a..k;.t.;ﬂ.g.dgi.e.ﬂ.!.g...g.g.t...
- " @ % ® * .
%‘j < 4q AA O H MRI magnet
> 014 q A . Distance (cm) + gradient coils
' < & O + RF coil
4 A o .
Ge 44 y B & Lower bearing
k=4 % . ® ® 4 < A o ] 0o
o A A =]
g L da 4 A, 0o g Sample
0'0_..,..,...........?.’.?‘L*..ﬂ..;..g.Q.,.‘.*i.g.q.ﬁ{‘,a.3.‘.‘.*‘.9.@@.5..g.
; '
4

5

Distance (cm

)
[Rodts et al. 2004]

Tank

[Raynaud & Moucheront 2002]
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Ultrasound Doppler velocimetry

* Pulse reflection at moving target - Doppler frequency shift

* Time of flight yields longitudinal position

A : )
o) )y (g, W) B
& e g

Transducer Target Received Echo

({'\
e

100 mm
FJ//US-Transducer

=

100 mm

/,
SI'CCV

—
LN - a
- /i 1 u= ; 'gﬁ_f(g /Q/ /’/@/
2 ” Ay
E_i )))W\ FOAM

d_tf C/2 [Nauber et al. 2018]

L
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Optimum

° 350 ; - : : : 1012~ s e
Ultrasound Doppler velocimetry T 5 n- g 8t
o) - o
340t . a - & A D-C
[ ] =] n
* Liquid fraction influences speed of sound and attenuatior ,*| i Lol A
£ 330} ] F ®
o °
* Velocity measurement with 1fps and 10 % uncertainty = .,
320} " K
315} = i
310 - . - : ' 1010 I ‘ ‘ I ‘ ‘
& %0 T 0 iF % 1 0.0 02 04 06 0.8 1.0 1.2
o liquid [%] Liquid fraction [%]
Nojse Signal o
X. U N ’X1 60
] T T T
A ’_’.: | |
I 1l =
.—5| | \/vlu,;'\’-a’:." RN (ﬁ
E Ya s ~~7c . \—_‘v* 5 Q
E I, (2}
=1, UDV velocity 5
=== PIV velocity <
W { —— UDV intensity
0 A~ . 0
0 50 100 150 200
X position [mm]
[Nauber et al. 2018]
TECHNISCHE ‘ o
UNIVERSITAT Lecture 09: Foam Measurement Slide 54 DRESDEN Y b}
DRESDEN Sascha Heitkam et




	Slide 1
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54

