
HAL Id: tel-01277221
https://theses.hal.science/tel-01277221

Submitted on 22 Feb 2016

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Imbibition et dispersion d’un agrégat sous écoulement
Alban Debacker

To cite this version:
Alban Debacker. Imbibition et dispersion d’un agrégat sous écoulement. Chimie-Physique
[physics.chem-ph]. Université de Strasbourg, 2015. Français. �NNT : 2015STRAE036�. �tel-01277221�

https://theses.hal.science/tel-01277221
https://hal.archives-ouvertes.fr










300 nm
1 µm





!

!







!

!

!

!



θ

! θ

γsolide/gaz − γsolide/liquide = γliquide/gaz cos θ
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2γl/g cos θ
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g
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50◦
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θ ∼= 105◦ θ ∼= 70◦

θ ∼= 35◦

50◦ 5 mm
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dhdénivelé
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! pc =< pc microscopique >mésoscopique
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ǫv = −κ
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grad p
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2γ cos θ
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κ ↔ ǫr2t
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πr30ρlg
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4
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3ρs + (r30 − rf
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ρs ρi
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2r20gρiǫ
vsédimentation −

1

ǫ
+

ρl

ρiǫ

)1/3

vsédimentation(t)
rf (t) rf (t)

rf (t)

rf (t)

pliquide en r0 + (pliquide en rf − pliquide en r0) + (pair − pliquide en rf ) = pair

p0 +∆pvisqueuse +∆pcapillaire = pair

! ∆pcapillaire

! ∆pvisqueuse

−dp

dr
=

8η tortuosité
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t
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© 2.2 mm 2.0 g/cm3

tmax = 190 min v∞sédimentation = 0.318 mm/s ! 1.9 mm
2 g/cm3 tmax = 190 min v∞sédimentation = 0.28 mm/s ⋄ 2.0 mm
0.32 g/cm3 tmax = 180 min v∞sédimentation = 0.0172 mm/s × 2.2 mm

0.379 g/cm3 tmax = 270 min v∞sédimentation = 0.021 mm/s
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5 mm
2000 g 10 min

70◦C
5 heures
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100 nm 70◦C
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5 mm
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2.5 g/cm3

5 mm 300 nm
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√
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r0 =
4.9678

2
mm hrupture = 4.9457mm arupture = 0.2343mm

σrupture =
Frupture

Πa2rupture
= 25 MPa soit 250 bars
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E =
σrupture

(
h0−hrupture

h0

) = 55 MPa

100 GPa

0.1 Pa.s
20mN/m
20◦



10 mbars 1 bar
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∆f
favec solvant fsans solvant

favec solvant = fsans solvant +∆f

1µm × 1µm
5 µm/pixel >> 300 nm
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1 image/s

2.5 mm
300 nm



rf (t) =

√

Surface

π

2.5 mm
300 nm

2.5 mm
1.35 mm 1000 s

1.35 mm 1000 s
11000 s

1.35 mm 11000 s
16000 s
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rf (t) rf (t)

pc κ η ǫ r0
pc κ

pc pc
1.35 mm 5.35 bars

κ κ

κ 180 nm2; 90 nm2; 45 nm2; 22.5 nm2

2.5 mm 300 nm

κ 88 nm2

κ = 88 nm2 pc = 5.35 bars 2.5 mm
300 nm



κ

κKozeny & Carman = ǫ3

18(1−ǫ)2
r2b = 142 nm2

κThies Weesie & Philipse =
ǫ3

35(1−ǫ)2
r2b = 73 nm2

pair = pdégazage = constante
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ηǫr20
κ

d
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(
rf
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−
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R =
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t
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tini rf ini

rf (t) rf (t)

pdégazage
κ pc

η ǫ r0 rf ini

tini

pdégazage
5.735 bars; 5.785 bars; 5.835 bars; 5.885 bars; 5.935 bars pc + p0 − pdégazage

615 mbars; 565 mbars; 515 mbars; 465 mbars; 415 mbars
2.5 mm 300 nm



pdégazage 5.835 bars pc + p0 − pdégazage = 515 mbars

pdégazage = 5.835 bars pc + p0 − pdégazage =
515mbars 2.5mm 300 nm

1013s
104s



p0 + pc = 6.35 bars

p0 + pc = 6.35 bars

p0 + pdégazage = 5.835 bars
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κ pc

pdégazage pc κ

η r0 tplateau pdégazage
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=
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300 nm
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R Tcompression

r0
pc κ r0 R(Tcompression) r0

R
Tcompression r0 = 2.5 mm r0 = 2 mm r0 = 1.5 mm
r0 = 1 mm 300 nm
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tplateau rplateau tplateau r0 − rplateau
1 mm 1.5 mm

2 mm 2.5 mm 300 nm
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1 mm 1.5 mm 2 mm 2.5 mm

300 nm
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pc + p0 − pdégazage r0
300 nm
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r0 = 1 mm 300 nm
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pdégazage r0
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pv = 1 bar
750 mbars 400 mbars

2.5 mm 300 nm

pc
pv ∗ κ pv 2.5 mm

300 nm

pc κ pv

R Tcompression

pv
R Tcompression



tplateau rplateau tplateau r0 − rplateau

pv = 1 bar 750 mbars 400 mbars 2.5 mm
300 nm

tplateau tplateau = a rbplateau
tplateau = a (r0 − rplateau)

b

! tplateau rplateau

! tplateau r0 − rplateau

rplateau r0 − rplateau

tplateau rplateau tplateau r0 − rplateau +
r0 1 mm 1.5 mm 2 mm 2.5 mm × pv 1 bar

750 mbars 400 mbars 2.5 mm
300 nm

tplateau rplateau
r0 pv tplateau
r0 − rplateau r0 pv

tplateau = a rbplateau



a b
rplateau

tplateau rplateau r0 ! r0 = 3.5 mm
© r0 = 2.5 mm △ r0 = 2 mm ∗ r0 = 1.5 mm × r0 = 1 mm pv

pv = 1 bar pv = 750mbars pv = 400mbars pv = 300mbars
pv = 200 mbars pv = 150 mbars pv 20 mbars 100 mbars

tplateau = a rbplateau
tplateau = a r2plateau

300 nm

a b

tplateau = 5507 r1.96plateau

tplateau secondes rplateau mm
b = 2

tplateau = 5375 r2plateau

tplateau secondes rplateau mm



pdégazage

pv = 1 bar 750 mbars 400 mbars
2.5 mm

300 nm

pc + p0 − pdégazage

pdégazage pv 2.5 mm
300 nm

pdégazage pv



R Tdégazage pv
Tdégazage ini pv Rini

Rplateau pv
R(Tdégazage) r0 −Tdégazage ini+

R3
ini

3
− R2

ini

2

R

Tdégazage−Tdégazage ini+
R3

ini

3
− R2

ini

2
pv = patm = 1 bar pv = 750 mbars

pv = 400 mbars 2.5 mm
300 nm

pc κ pv

tplateau = a r2plateau

pdégazage pv

300 nm





300 nm
0.1 Pa.s

0.59 mPa.s

1.5 Pa.s

2.9 Pa.s
22.9 Pa.s

300 nm



r0

rf
t r0 = 3.5 mm , 2.5 mm , 1 mm

300 nm

t
r2
0

R =
rf
r0

R =
rf
r0

t
r2
0

r0 =

3.5 mm r0 = 2.5 mm r0 = 1 mm
300 nm



pc κ

pc pc = 2.9 bars

κ pc

κ

κ

κ = 88 nm2 rf (t) rf (t)

κ = 88 nm2 pc = 2.9 bars
300 nm

tplateau = a rbplateau tplateau rplateau
a b

tplateau = a rbplateau
tplateau = a r2plateau

300 nm



tplateau = 112 r2,13plateau

tplateau s rplateau mm

tplateau = 120 r2plateau

tplateau s rplateau mm

pc = 2.9 bars κ = 88 nm2 pdégazage = 3.842 bars
300 nm

pc + p0 − pdégazage =
58 mbars pdégazage = 3.842 bars



1 mm 300 nm

pc = 1, 57 bars
κ = 88 nm2

pc = 1.57 bars κ = 88 nm2

1 mm 300 nm



tplateau = aglycérol r
2
plateau

a tplateau = 600 000 s rplateau = 0.73 mm
aglycérol = 1.1 ∗ 106 s/mm2

pc = 1.57 bars κ = 88 nm2

pdégazage = 2.55 bars 1 mm
300 nm

κ = 88 nm2 pc + p0 − pdégazage =
20 mbars pdégazage = 2.55 bars



η = 2, 9 Pa.s r0 = 2.5 mm ; 1.5 mm ; 1 mm r0 = 1.5 mm η = 2.9 Pa.s
22.9 Pa.s 300 nm

R =
rf
r0

t
r2
0

t
η

R =
rf
r0

t
r2
0

η = 2, 9 Pa.s r0 = 2.5 mm

1.5 mm 1 mm
rf
r0

t
η

r0 = 1.5 mm

η = 2.9 Pa.s 22.9 Pa.s
300 nm



pc + p0 − pdégazage

η = 2, 9 Pa.s
r0 = 2.5 mm; 1.5 mm; 1 mm r0 = 1.5 mm η = 2.9 Pa.s 22.9 Pa.s

300 nm

pc + p0 − pdégazage κ = 88 nm2

pc + p0 − pdégazage
pc + p0 − pdégazage r0 ∗ pc + p0 − pdégazage

η 300 nm



η = 2.9 Pa.s r0 =
2.5 mm; 1.5 mm; 1 mm r0 = 1.5 mm η = 2.9 Pa.s 22.9 Pa.s

300 nm

2.9 Pa.s
22.9 Pa.s

88 nm2

pc
r0 pc ∗ η pc

88 nm2

300 nm

4.9 bars
4.9 bars

5.5 bars



300 nm

tplateau = arbplateau

pc = 5.54 bars

κ = 88 nm2

a = 5507 s/mm1.96

b = 2.132

b = 2
a = 5375 s/mm2

pc + p0 − pdégazage =
0.59 bars

pdégazage = 5.95 bars

pc = 2.9 bars

κ = 88 ± 10 nm2

a = 112 s/mm2.13

b = 2.125

b = 2
a = 120 s/mm2

pc + p0 − pdégazage =
0.058 bars

pdégazage = 3.842 bars

pc = 1.57 bars

κ = 88 nm2

b = 2
a = 1.07 ∗ 106 s/mm2

pc + p0 − pdégazage =
0.020 bars

pdégazage = 2.55 bars

2.9 Pa.s

pc = 4.9 bars

κ = 88 nm2

pc + p0 − pdégazage =
4.2 bars

pdégazage = 1.7 bars



300 nm





!

!

2.5 mm
300 nm



2.5 mm
0.4 mm 6 mm



pv 50 mbars

!

!

3.5 mm
300 nm pv = 15 mbars



3.5 mm
0.5 mm 7.5 mm



1 mm
300 nm pv ≈ 50 mbars



1 mm

largeur distribuée

1 mm 1 mm

logCa = −6 logCa = −5 logCa = −4 logCa = −3 logCa = −2.1

logCa = −6 logCa = −5 logCa = −4 logCa = −3.7 logCa = −3

logCa = −6 logCa = −5 logCa = −4 logCa = −3

logM = 2.9

logM = 2.9

logM = 2.9

Ca
M



!

!

!

! Ca = force visqueuse du fluide mouillant
force capillaire

= ηmouillantv
γ

! M = force visqueuse du fluide mouillant
force visqueuse du fluide non mouillant (ou moins mouillant)

= ηmouillant

ηdéplacé

M Ca

domaine visqueux instable

domaine capillaire

domaine visqueux stable

M Ca

! M Ca

! M Ca

! Ca



logCa = −8.1 logCa = −5.9 logCa = −5.1 logCa = −4.4

logCa = −9.1 logCa = −8.1 logCa = −6.7 logCa = −6.3

logM = 1.9

logM = 4.7

M Ca

domaine

visqueux

instable

domaine

visqueux

stable

domaine

capillaire

M Ca





3.5 mm 2.5 mm

1.5 mm 1 mm

1 mm 3.5 mm
300 nm

rf ≤ 0.5 r0

2 mm 1, 5 mm 1 mm
rf ≤ 0.5 r0

!

!

!



1 mm 3.5 mm

r0 = 3.5 mm pv = 15 mbars
r0 = 2.5 mm pv = 30 mbars r0 = 2 mm pv = 15 mbars r0 = 1.5 mm
pv = 30 mbars r0 = 1 mm pv = 50 mbars

300 nm

!

△

△

R t
r2
0

+décalage

r0 = 3.5 mm
pv = 15 mbars r0 = 2.5 mm pv = 30 mbars r0 = 2 mm pv = 15 mbars

r0 = 1.5 mm pv = 30 mbars r0 = 1 mm pv = 50 mbars
300 nm



! rf (t)

R ≈ 0.5

R t
r2
0

+décalage

r0 = 3.5 mm pv = 15 mbars r0 = 2.5 mm
pv = 30 mbars r0 = 2 mm pv = 15 mbars r0 = 1.5 mm pv = 30 mbars

r0 = 1 mm pv = 50 mbars
300 nm

R ≈ 0.5



r0 = 1 mm 30mbars 90mbars

1mm 30 mbars
90 mbars rf t R
t
r2
0

+ décalage

pv
pv [30, 30, 30, 35, 35, 35, 35, 40, 40, 40, 45, 45, 50, 90] mbars

300 nm

!

45 mbars
45 mbars

! R ≈ 0.5

R ≈ 0.5



1.5 mm 30 mbars 300 mbars

1.5 mm
30 mbars 300 mbars rf t R

t
r2
0

+ décalage

pv
pv [30, 35, 45, 50, 50, 150, 200, 300] mbars

300 nm

!

30 mbars

50 mbars

! R ≈ 0.5

R ≈ 0.5



! pv 100 mbars

r0 = 1 mm r0 = 1.5 mm

! R ≈ 0.5

!

pv 50 mbars
R ≈ 0.5

!

pv 50 mbars



pv 50 mbars

pv 50 mbars

8 bits
pixels

0 1 pixels µm

0 1 µm

0 1
0.5



r0 =
[

1 1
1 1
2.5 1.5

]

mm pv =
[
35 40
90 45
30 200

]

mbars

300 nm

pv 50mbars 30mbars 90mbars

R ≈ 0.5

pv 50 mbars 200 mbars
R ≈ 0.5



!

R ≈ 0.5 pv
50 mbars

! pv 50 mbars



r0 = 1 mm r0 = 1.5 mm
pv

[
30 30
35 40
45 50

]

mbars
[
non non
non oui
non oui

]

1 mm 300 nm
1 mm



[
30 40

50
200 300

]

mbars
[
non oui

oui
oui oui

]

1.5 mm 300 nm
1388 µm



pv r0

pv r0 ©
×

300 nm



2π
λ

λ

△ θ

△ θ

λ

rugosité(λ) = Σ
(rf brut(θ)− rf filtré(θ,λ))

2

N

N

θ

rf



pv 50 mbars

1 mm

pv 50 mbars
1 mm 300 nm



! λ ≤ 20 µm
λ ≥ 40 µm

!

rf ≈ 0.35 mm
rf ≈ 0.15 mm

λ

λ

λ = 200 µm

pv
50 mbars 1 mm

300 nm

λ = 200 µm



200 µm
pv 50 mbars

530 µm
pv r0 35 mbars 1 mm 40 mbars 1 mm 90 mbars 1 mm 30 mbars 1.5 mm

300 nm



!

R ≈ 0.5

!

! 40 µm

! pv 50 mbars

! pv 50 mbars



!

pv 50 mbars
R ≈ 0.5

!

pv 50 mbars



pv 50 mbars
R ≈ 0.5

rfin première phase prédit =

(
pv

p0 + pc

) 1

3

r0

! rfin première phase prédit = rfin première phase mesuré

! rfin première phase prédit > rfin première phase mesuré



rfin première phase prédit rfin première phase mesuré

rfin première phase prédit rfin première phase mesuré +
pv 30 mbars 100 mbars r0 1 mm 3.5 mm ∗ pv
100 mbars 300 mbars r0 = 1.5 mm

300 nm

rfin première phase prédit rfin première phase mesuré

pv 50 mbars 30 mbars 100 mbars

pv 50 mbars < rfin première phase prédit >= 0.20 mm
< rfin première phase mesuré >= 0.18 mm

quantité airrfin première phase

quantité airrdébut première phase

=
4
3
πr3fin première phase mesuré(p0 + pc)
4
3
πr3fin première phase prédit(p0 + pc)

=

(
rfin première phase mesuré

rfin première phase prédit

)3

= 73%

pv 50 mbars
73%



pv 50 mbars

pv
50 mbars r0 = 2.5 mm r0 = 3.5 mm r0 = 1 mm r0 = 1.5 mm

r0 = 2 mm

300 nm

pc = 5.5 bars

rplateau pv pv =
(

rplateau
r0

)3

(p0 + pc)

pv = 17 mbars r0 = 3.5 mm pv = 15 mbars
pv = 28 mbars r0 = 2.5 mm pv = 30 mbars

κ

κ = 70 nm2 r0 = 3.5 mm κ = 88 nm2

r0 = 2.5 mm < κ >= 88 nm2

R ∈ [1; 0.5] R ≈ 0.5

rf ≤ 0.5 r0 pv
50 mbars



R ≈ 0.5

rf

r0

t
rf

rf

rf − δrf

r0

t
rf rf − δrf

drf
dt

∣
∣
∣
∣
front sphérique

=
κ

ηǫr20

pv
r30
r3
f

− pc − p0

rf
r0

− r2
f

r2
0

rf−δrf

drf − δrf
dt

∣
∣
∣
∣
front fluctué

δv =
drf
dt

∣
∣
∣
∣
front sphérique

− drf − δrf
dt

∣
∣
∣
∣
front fluctué

! δv rf − δrf

rf
drf
dt

∣
∣
∣
∣
front sphérique

drf−δrf
dt

∣
∣
∣
∣
front fluctué

! δv rf − δrf
rf



R ≈ 0.5 pv 50 mbars

! pv > 50 mbars δv < 0 R ∈ [1;
(

pv
p0+pc

) 1

3

= Rplateau]

&

! pv < 50 mbars δv < 0 R ∈ [1; 0.5] δv > 0 R ≈ 0.5

R ∈ [1; 0.5]
pv 50 mbars

! 73%

! R ≈ 0.5

R ≈ 0.5

pv
50 mbars R ≈ 0.5



p0+
ηǫr20
κ

d
rf−δrf

r0

dt
(
rf − δrf

r0
− (rf − δrf )

2

r20
)+pc = pv

r30
(rf − δrf )3

rf
rf − δrf

drf − δrf
dt

=
κ

ηǫr0

pv
r30

(rf−δrf )3
− pc − p0

rf−δrf
r0

− (rf−δrf )2

r2
0

t
rf rf −

δrf

δv

δv =
drf
dt

∣
∣
∣
∣
front sphérique

− drf − δrf
dt

∣
∣
∣
∣
front fluctué

=
κ

ηǫr0

pv
r30
r3
f

− pc − p0

rf
r0

− r2
f

r2
0

− κ

ηǫr0

pv
r30

(rf−δrf )3
− pc − p0

rf−δrf
r0

− (rf−δrf )2

r2
0

δv δrf → 0

limδrf→0 δv = δrf

d



 κ
ηǫr2

0

pv
r3
0

r3
f

−pc−p0

rf

r0
−

r2
f

r2
0





drf
= δrf

d

(

drf
dt

∣
∣
∣
∣
front sphérique

)

drf

= δrf
d2rf
dtdrf

∣
∣
∣
∣
front sphérique

= δrf
d2rf
dt2

∣
∣
∣
∣
front sphérique

1

drf
dt

∣
∣
∣
∣
front sphérique

δv

R pv
R pv



R ≈ 0.5 pv
50 mbars rf (t)

d2rf
dt2

=
κ2(pc + p0)

2

η2ǫ2r30

(

1− pv
p0+pc

(
rf
r0

)
−3
)(

−4 pv
p0+pc

(
rf
r0

)
−3

+ 5 pv
p0+pc

(
rf
r0

)
−2

+ 1− 2
rf
r0

)

((
rf
r0

)2

− rf
r0

)3

R =
rf
r0

T =
ηǫr20

κ(p0+pc)
t

d2R

dT 2
=

(

1− pv
p0+pc

R−3
)(

−4 pv
p0+pc

R−3 + 5 pv
p0+pc

R−2 + 1− 2R
)

(R2 −R)3

d2R
dT 2

R
pv

d2R
dT 2 pc = 5.5 bars

R

pv (mbars) d2R
dT 2

−10 et moins

10 et plus

0 +

−

R
pv

d2R
dT 2 pc = 5.5 bars

R Rplateau



R

pv (mbars) d2R
dT 2

−10 et moins

10 et plus

0 +

−

R < 0.6 pv < 100 mbars
R Rplateau

pv

R = 1 R = Rplateau
d2R
dT 2

pv > 35.2 mbars

pv <
35.2 mbars rf ∈ [r0;≈ 0.5 r0] rf ∈ [≈ 0.5 r0;≈ 0.3 r0]

rf ∈ [≈ 0.3 r0; rplateau]



d2R
dT 2

d2R

dT 2
=

dR

dT
︸︷︷︸

1

(R2 −R)2
︸ ︷︷ ︸

(

−4
pv

p0 + pc
R−3 + 5

pv
p0 + pc

R−2 + 1− 2R

)

︸ ︷︷ ︸

d2R
dT 2

(

−4
pv

p0 + pc
R−3 + 5

pv
p0 + pc

R−2 + 1− 2R

)

≥ 0

Rplateau
d2R
dT 2

pv

pv seuil =
4

625
(p0 + pc)

4
625

(p0 + pc)

R ≈ 0.5 pv
50 mbars

R ≈ 0.5 pv 50 mbars



p0 +
ηǫ

κ

drf
dt

rf log

(
rf
r0

)

+ pc = pv
r20
r2f

R =
rf
r0

T =
κ(p0 + pc)

ηǫr20
t

R(T )

d2R

dT 2
=

(
pv

p0+pc
R−2 − 1

)(

3 pv
p0+pc

R−2 log(R) + pv
p0+pc

R−2 − 1− log(R)
)

(R log(R))3

d2R
dT 2

R pv
d2R
dT 2 pc = 5.5 bars
dT

R

pv (mbars) d2R
dT 2

−10 et moins

10 et plus

0

+

−

R pv
d2R
dT 2 pc = 5.5 bars R
Rplateau

pc = 5.5 bars



R

pv (mbars) d2R
dT 2

−10 et moins

10 et plus
0

+

−

R < 0.6 pv < 100 mbars
R Rplateau

pc = 5.5 bars

pv < 42.5 mbars R ∈ [≈ 0.35;≈ 0.1]

d2R

dT 2
=

dR

dT
︸︷︷︸

1

(R log(R))2
︸ ︷︷ ︸

(

3
pv

p0 + pc
R−2 log(R) +

pv
p0 + pc

R−2 − 1− log(R)

)

︸ ︷︷ ︸

d2R
dT 2

(

3
pv

p0 + pc
R−2 log(R) +

pv
p0 + pc

R−2 − 1− log(R)

)

≥ 0

Rplateau
d2R
dT 2

pv

pv seuil =
exp−8

3

9
(p0 + pc)

rf (t)



p0 +
ηǫ

κ

dh

dt
(h0 − h) + pc = pv

h0

h

H =
h

h0

T =
κ(p0 + pc)

ηǫh2
0

t

H(T )

d2H

dT 2
=

(
pv

p0+pc
H−1 − 1

)(

− pv
p0+pc

H−2 + 2 pv
p0+pc

H−1 − 1
)

(1−H)3

d2H
dT 2

H pv
d2H
dT 2 pc = 5.5 bars

H

pv (mbars) d2H
dT 2

−10 et moins

10 et plus0

+

H pv
d2H
dT 2 pc = 5.5 bars

H Hplateau

pc = 5.5 bars



pv 50 mbars



t t+ dt

drf
dt

∣
∣
∣
∣
t drf

dt

∣
∣
∣
∣
t+δt

t t+ δt

R ≈ 0.5 pair = pvR
−3 ≈ pv0.5

−3 = 8 pv
pv = 50 mbars pair = 400 mbars ≪ pc = 5.5 bars

t t+ δt

!

!

rf



R pv

0.5 pv 50 mbars



p0 +
ηǫr20
κ

d
rf−δrf

r0

dt
(
rf − δrf

r0
− (rf − δrf )

2

r20
) + pc = pv

r30
r3f

drf − δrf
dt

=
κ

ηǫr0

pv
r30
r3
f

− pc − p0

rf−δrf
r0

− (rf−δrf )2

r2
0

t
rf rf −

δrf

δv

δv =
drf
dt

∣
∣
∣
∣
front sphérique

− drf − δrf
dt

∣
∣
∣
∣
front fluctué

=
κ

ηǫr0

(

pv
r30
r3f

− pc − p0

)


1

rf
r0

− r2
f

r2
0

− 1
rf−δrf

r0
− (rf−δrf )2

r2
0





δv δrf → 0

limδrf→0 δv =
κ

ηǫr0

(

pv
r30
r3f

− pc − p0

) d



 1
rf

r0
−

r2
f

r2
0





drf
δrf

=
κ

ηǫr0

(

pv
r30
r3f

− pc − p0

)

δrf
r0

2
rf
r0

− 1
(

rf
r0

− r2
f

r2
0

)2

R ≈ 0.5 pv

p0 +
ηǫr20
κ

d
rf−δrf

r0

dt

(
rf − δ

r0
− (rf − δrfrf )

2

r20

)

+ pc(1− β δrf ) = pv
r30
r3f



β β

drf − δrf
dt

=
κ

ηǫr0

pv
r30
r3
f

− pc(1− β δrf )− p0

rf−δrf
r0

− (rf−δrf )2

r2
0

δv

δv =
drf
dt

∣
∣
∣
∣
front sphérique

− drf − δrf
dt

∣
∣
∣
∣
front fluctué

=
κ

ηǫr0





pv
r30
r3
f

− pc − p0

rf
r0

− r2
f

r2
0

−
pv

r30
r3
f

− pc(1− β δrf )− p0

rf−δrf
r0

− (rf−δrf )2

r2
0





δv δrf → 0

limδrf→0 δv =
κ

ηǫr20
δrf






(

pv
r30
r3
f

− pc − p0

)(

2
rf
r0

− 1
)

(
rf
r0

− r2
f

r2
0

)2 − pcβr0
rf
r0

− r2
f

r2
0






limδrf→0 δv =
κ

ηǫr20
δrf





(
pv

p0+pc
R−3 − 1

)

(2R− 1)

(R−R2)2
−

pc
p0+pc

βr0

R−R2





R pv βr0 = 1 pc = 5.54 bars

pv (mbars)

R

δv(
δrfκ

ηǫr2
0

)

−10 et moins

10 et plus

0 −

+

δv R pv βr0 = 1 pc = 5.54 bars
R Rplateau

δv > 0
δv < 0 βr0 = 1 pc = 5.54 bars



0.5 pv
50 mbars

0.5 pv

0.5 pv 50 mbars

0.5 pv

pv 50 mbars

!

!



pv 50 mbars

pv 50 mbars

r0 = 3.5 mm pv = 15 mbars
r0 = 2.5 mm pv = 30 mbars r0 = 2 mm pv = 15 mbars r0 = 1.5 mm
pv = 30 mbars r0 = 1 mm pv = 50 mbars

300 nm

pc + p0 − pdégazage

pc + p0 − pdégazage r0 r0 = 3.5 mm
pv = 15 mbars r0 = 2.5 mm pv = 30 mbars r0 = 2 mm pv = 15 mbars

r0 = 1.5 mm pv = 30 mbars r0 = 1 mm pv = 50 mbars
300 nm



!

pc + p0 − pdégazage ≈ 500 mbars

!

pc+p0−pdégazage ≈
250 mbars

pv 50 mbars
pv 50 mbars pv

50 mbars pc + p0 − pdégazage
pv 50 mbars < pc + p0 − pdégazage >≈ 250 mbars
pv 50 mbars < pc + p0 − pdégazage >≈ 500 mbars



!

R ≈ 0.5 pv
50 mbars

R
pv

R ≈ 0.4 pv 50 mbars

! pv 50 mbars

pv
50 mbars

pv 50 mbars

pv 50 mbars
pv 50 mbars

pv 50 mbars pv 50 mbars

pv 50 mbars pv 50 mbars

pv 50 mbars pv 50 mbars



! 40 µm

40 µm
1 mm

150 nm
40 µm

pcapillaire 40 µm =
2γ

r
= 10 mbars

γ = 20 mN/m r = 40 µm

pc = 5.5 bars
p0+pc−pdégazage ≈ 500mbars pv 50mbars p0+pc−pdégazage ≈ 250mbars

pv 50 mbars
40 µm

! pv 50 mbars

pv 50 mbars

Ca

Ca

β



pv 50 mbars

! R ≈ 0.5

!





7 mm 3 mm

7 mm 3 mm

pv = 10 mbars pv =
50 mbars pv = 100 mbars pv = patm

!

△
△
△

!

!



Aire

pv = patm
pv = 100 mbars pv = 50 mbars pv = 10 mbars

7 mm 3 mm
300 nm

pv

! pv ≥ 100 mbars

! pv ≤ 50 mbars

pv = 50 mbars
pv = 10 mbars

pv =
50 mbars pv = 10 mbars pv =
50 mbars pv = 10 mbars

7 mm 3 mm 300 nm



h(t) l(t)

l

h

h(t) l(t)
pv = patm pv = 100 mbars pv = 50 mbars pv = 10 mbars

7 mm
3 mm 300 nm

pv

100 mbars 50 mbars

! pv ≥ 100 mbars

! pv ≤ 50 mbars



pv = 10 mbars

pv = 10 mbars
7 mm 3 mm

300 nm

t ≈ 350 s t ≈ 450 s

! t ≈ 450 s

pv 50 mbars

! t ≈ 350 s

t ≈ 500 s t ≈ 550 s



pv = 50 mbars

pv = 50 mbars
7 mm 3 mm

300 nm

pv = 100 mbars

pv = 100 mbars
300 nm

t ≈ 300 s t ≈ 400 s



pv = 1 bar

pv = 1 bar
7 mm 3 mm

300 nm



pv = patm pv = 100 mbars
pv = 50 mbars pv = 10 mbars

7 mm 3 mm 300 nm

! pv ≥ 100 mbars

! pv ≤ 50 mbars



pv

! pv ≥ 100 mbars

! pv ≤ 50mbars

!

pv = 10 mbars

!

pv ≥ 100 mbars



pv 50 mbars

!

! pv = 10mbars

! pv
50 mbars









!

!

!

!

1/4

3.5

2 +
1
3.5



W = η

[
hir

2
i

r20 − r2i

(
r20
2
− r2i

2
+ r20 ln

r0
ri

)]

ω2
i t

W η hi

ri ro ωi

t

!

!

Ndiffusions interliquide

Ndiffusions intraliquide

=
N( diffusions de molécules

noires vers phase transparente)
+N( diffusions de molécules

transparentes vers phase noire)

N( diffusions de molécules
noires restant dans la phase noire)

+N( diffusions de molécules
transparentes restant dans la phase transparente)



!

!



!

!

△

△

! 2.6 mm

0.12 g/cm3

! 10.2 Pa.s

4◦



2.6 mm γ̇ =
4.5 s−1 tmélange = 260 s γ̇ = 27.9 s−1 tmélange = 6.9 s γ̇ = 51.7 s−1 tmélange = 0.215 s

γ̇ = 82.6 s−1 tmélange = 0.275 s γ̇ = 104.6 s−1 tmélange = 0.215 s γ̇ = 126.8 s−1

tmélange = 0.2 s γ̇ = 126.8 s−1 tmélange = 1.8 s



105 s−1

! 3mm
100 µm 40%

! 10 Pa.s



R3
0 −R3

t (mm3)

Gt

R3
0

t R3
t mm3 G

t
R3

0 − R3
t = kGt ©

k = 7 ∗ 10−6cm3
!

k = 22 ∗ 10−6cm3

!

!



0.5 µm

! 2.5 mm 300 nm

! 1 cm 3.5 mm
1 µm

300 nm

5 mm

5mm



5 mm

sec ou
imbibé

déformationrupture

(%)
Forcerupture (N) σrupture (MPa) EY oung (GPa)

sec 0.44 3.52 19.86 4.51
sec 0.49 4.3 22.67 4.64
sec 1.06 7.78 18.41 1.73
imbibé 0.48 5.62 29.29 6.11
imbibé 0.57 3.36 15.53 2.75
imbibé 1.03 10.9 27.50 2.68
imbibé 0.72 7.9 27.96 3.86
imbibé 1.12 15.6 35.34 3.14

25 MPa 250 bars 5 bars



1 µm

1µm

Forcerupture sec = 1.7 N Forcerupture imbibé = 1.2 N



déformation relativerupture sec = 3.3% déformation relativerupture imbibé = 4.0%
σrupture sec = 0.45 bars σrupture imbibé = 0.31 bars

E = σrupture

déformationrupture
Erupture sec =

1.38 MPa Erupture didp = 0.76 MPa

300 nm

1 µm

300 nm 250 bars
1 µm 0.38 bars



σvisqueuse = ηγ̇

γ̇

γ̇ ω α

σvisqueuse = η
2πω

tanα

η = 140 Pa.s ω = 500 rpm α = 10◦

σvisqueuse = 0.4 bars
1 µm

300 nm

η = 140 Pa.s ω = 500 rpm α = 10◦

1 µm



140 Pa.s 10◦

500 rpm 1 µm

8 µm 8 µm

5 µL 8 µm

80◦C 2 heures
1 mm

1 cm 8 µm

réservoir
cylindrique cône

plaque en verre

supports

2 cm



2 mm 8 µm
140 Pa.s

2 mm
8 µm 140 Pa.s

2 mm
8 µm

140 Pa.s

2 heures

R
2 mm 8 µm
140 Pa.s



5 minutes 0.85

2 mm
8 µm

2 cm
3.5 mm

50 ∗ 10 i
4 rpm 0 4 rpm

5 s

5 s



50 rpm 500 rpm 2 mm
8 µm 140 Pa.s

2 mm 8 µm
140 Pa.s



500 rpm

120 ms 50 ms

5



2 mm 8 µm
140 Pa.s

500 rpm 2 mm 8 µm
140 Pa.s









P
t ρ µ tm

!

!
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Ψair liquide(rbulle) = −4πr2bulle
drbulle
dt

p

RGPT

rbulle t p
RGP T

r

Ψliquide(r) =

∫ ∫

S

−D
∂[air(r)]

∂r
dS =

∫ ∫

S

−D
∂[air(r)]

∂r
rdθrsinθdφ = −4πr2D

d[air(r)]

dr

r D
[air(r)] r

rbulle

Ψair liquide(rbulle) = Ψliquide(rbulle)

−4πr2bulle
drbulle
dt

p

RT
= −4πr2D

d[air(r)]

dr

[air(r)] r

(
pr2bulle
RGPTD

drbulle
dt

)
dr

r2
= d[air(r)]

[air(∞)] = [air]0 [air(rbulle)]

−
(

pr2bulle
RGPTD

drbulle
dt

)
1

rbulle
= [air(rbulle)]− [air]0

[air]0

µair gaz = µ0
air gaz +RGPT ln

(
p

p0

)

µ0
air gaz

p0 298.15 K

µair liquide(r) = µ0
air liquide +RGPT ln

(
[air(r)]

[air]0

)



µ0
air liquide

[air]0
p0

[air]0
µ0
air gaz = µ0

air liquide µ0
air

rbulle

[air(rbulle)] = [air]0
p

p0

−
(

pr2bulle
RGPTD

drbulle
dt

)
1

rbulle
= [air]0

(
p

p0
− 1

)

rbulle t

−rbulledrbulle
1

DGPRT [air]0

(
1
p0

− 1
p

) = dt

rbulle(tfin du plateau) = rplateau rbulle(t) = rf

(
r2plateau − r2f

) 1

2DRGPT [air]0

(
1
p0

− 1
p

) = t− tfin du plateau

DRGPT [air]0

(
1
p0

− 1
p

)

rplateau tfin du plateau

DRGPT [air]0

(
1
p0

− 1
p

)

1.74 ∗ 10−4 mm2/s



DRGPT [air]0

(
1
p0

− 1
p

)

= 1.74∗10−4 mm2/s

tdissolution = r2plateau
1

2DRGPT [air]0

(
1
p0

− 1
p

)

tdissolution

tdissolution

rplateau = 1.35 mm
p = pc + p0 = 6.5 bars
p0 = 1 bar
[air]0 = 2.10−7 mol.m−3

D = 2.10−12m2.s

D =
kBT

6Πηa
=

1, 4.10−23 ∗ 300
6 ∗ 3, 14 ∗ 0.1 ∗ 10−10

= 2, 23 ∗ 10−11 m2.s−1

DRGPT [air]0

(
1
p0

− 1
p

)

≈ 10−13 mm2/s tdissolution ≈ 1013 s
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pv = 10 mbars





pv = 50 mbars





pv = 100 mbars





pv = patm = 1 bar





W =

∫

Force δdéplacement =

∫ r0

ri

∫ t

0

(σ(r)hidr)(rwidt)

W σ(r) r hi

wi

t

σ(r) = ηγ̇(r)

η γ̇(r)

γ̇(r) = − wir
2
i

r20 − r2i

(

1 +
r20
r2

)

W = η

[
hir

2
i

r20 − r2i

(
r20
2
− r2i

2
+ r20 ln

r0
ri

)]

w2
i t














