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Chapter 1 

State of the art 



 

 

 



𝜏 = 𝐹/𝐴 �̇�

�̇� =
𝑑𝑣

𝑑𝑒
=

𝑑∆𝑙

𝑑𝑡
) 𝜂 

 𝜂 =
𝜎

�̇�

𝜏

γ̇

𝜏 �̇� η �̇�



 

ω π

 𝛿𝐿

∆𝐿 

 𝛾

𝛾 =  ∆𝐿/𝑒

 𝛾(𝑡) =

𝛾0. exp (𝑖𝜔𝑡)

 𝛿  𝜏(𝑡) = 𝜏0. exp (𝑖𝜔𝑡 + 𝑖𝛿)

𝜏 = 𝐺∗. 𝛾

𝐺′

𝐺′′  𝐺∗ =

𝐺′ + 𝑖𝐺′′.  𝐺′ 𝐺′′

𝐺′ =
𝜎0

𝛾0
cos 𝛿  𝐺′′ =

𝜎0

𝛾0
sin 𝛿

𝐺′ 𝐺′′

𝜏0 𝛾0



δ

δ

 𝜏 = 𝜂�̇�.  �̇� =
𝑑𝛾

𝑑𝑡
𝜏 =

𝑖𝜂𝛾0𝜔exp (𝑖𝜔𝑡)  𝜏 = 𝜂𝛾0𝜔𝑒𝑥𝑝(𝑖𝜔𝑡)exp (
𝑖𝜋
2⁄ )

𝛿 = 𝜋 2⁄  𝜏0 = 𝜂𝛾0𝜔 𝐺′ 𝐺′′ 𝐺′

𝐺′′ 𝜂𝜔

 𝜎 = 𝐾𝛾 𝐺′ 𝐺′′

𝐺′ 𝐺′′

 



𝜃

�̇� �̇� =
𝑅𝑒𝛺

𝑅𝑒 − 𝑅𝑖
�̇�𝑟 =

𝑟𝛺

𝑒
�̇� =

𝛺

𝛼

𝜏 𝜏 =
𝑇

2𝜋𝑅𝑒²ℎ
𝜏𝑟 =

2𝑇

𝜋𝑅3
𝜏 =

3𝑇

2𝜋𝑅3





 

 

 

 

 

𝜑𝑅𝐶𝑃

𝜑𝑅𝐶𝑃

https://en.wikipedia.org/wiki/Packing_density
https://en.wikipedia.org/wiki/Solid


𝜂 =  𝜂0 (1 −
𝜑

𝜑𝑅𝐶𝑃
)
−[𝜂]𝜑𝑅𝐶𝑃

η η η



η φ �̇� →

�̇� → �̇� → μ

𝜑𝐽
0 �̇� → 

μ μ 

μ

μ

 



 𝐼𝑣

η η

1/�̇�

�̇�  𝐼𝑣 =
𝜂�̇�

𝑃

 𝑆𝑡 =
�̇�𝜌𝑎2

𝜂

 𝐼𝑣 𝜏 = 𝜇(𝐼𝑣)𝑃, 𝜙 = 𝑓(𝐼𝑣) 𝜏

𝜙  𝐼𝑣 𝜇

 𝜏 = 𝜇(𝑓−1(𝜙))
𝜂�̇�

𝑓−1(𝜙)

μ 𝜙

 

 𝑃𝑒 =
6𝜋𝜂𝑎3�̇� 

𝑘𝑏𝑇



 

μ



 

𝐺′

𝐶𝑎 =
�̇�𝜂𝑎

𝛾

𝜏 = 𝜏𝑦 + 𝑘. �̇�
𝑛



 



 

 

 

𝛾

𝛾𝐿𝐺 𝛾𝑆𝐿
𝛾𝑆𝐺



𝑆 =  𝛾𝑆𝐺 − 𝛾𝐿𝐺 − 𝛾𝑆𝐿

𝜃e

𝛾𝑆𝐺 = 𝛾𝑆𝐿 + 𝛾𝐿𝐺𝑐𝑜𝑠𝜃𝑒

𝜃𝑒

𝜃e



𝜃𝑒

𝑙𝑐 = √
𝛾

𝜌𝑔
                                  𝑒 = 2𝑙𝑐𝑠𝑖𝑛 (

𝜃𝑒
2
)

 



𝜃𝑎 𝜃𝑟

𝜃e 

 𝜃 

η

γ



Ca =  
Uη

γ

 

 

𝜃e



𝜃e



 

Fviscous ~ Fcapillary + Fgravity  →  
ηU

e²
 ~ 

γk

l
+  ρg



η η

κ

γκ

ρ

e ~ lcCa
2
3⁄

ρ

γκ

e ~ lcCa
1
2⁄

 



𝜏𝑦



 

 



𝜃𝑒, 

. 

𝐶𝑎𝑐 =
𝜃𝑒
3

9𝑙𝑛
𝑙𝑐
𝑙′

 



 

ℎ𝑚𝑎𝑥~𝐿(
𝜂𝑉𝐿²

𝐵
)

3
4⁄

 



 

α

𝜏𝑦



 







 

 



 
 
 
 
 
Chapter 2 

Rheology of a model cosmetic system 



 

 

 



 

𝜸𝑳/𝑮 𝜸𝑳/𝑺

 

 



 

 (𝜏 = 𝜏𝑦 + 𝑘. �̇�
𝑛) τ
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τ
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Chapter 3  

Dip coating of complex fluids 



 

 



 

𝜃𝑖 = 17.5°



𝛿𝑓 

𝛿𝑦

 𝛿𝑓

 𝛼 = 𝐷𝑓 𝛿𝑦⁄

𝛼

𝛼 =
tan (𝑠𝑖𝑛−1 (

sin(𝜃𝑖)
𝑛 ))

tan (𝜃𝑖)

𝑛 = 1,33  𝛼 = 3,7

 

 



𝜏𝑦



 

τ

 𝜏𝑟𝑧

−𝜌𝑔 −
𝜕𝑃

𝜕𝑧
+
1

𝑟

𝜕𝑟𝜏𝑟𝑧
𝜕𝑟

= 0

𝜌

𝜏𝑟𝑧(𝑟, 𝑡)

𝜏𝑦
=

1

𝜆𝑖(𝑡) − 𝜆𝑜(𝑡)
(𝑟 −

𝜆𝑖(𝑡)𝜆𝑜(𝑡)

𝑟
)

𝜆𝑖 𝜆𝑜
𝜏𝑟𝑧(𝜆𝑖) = −𝜏𝑦 𝜏𝑟𝑧(𝜆𝑜) = 𝜏𝑦



𝜆𝑖 𝜆𝑜

𝜆𝑖 𝜆𝑜
𝑣𝑧(𝑟1) = 𝑉 > 0 𝑣𝑧(𝑟2) = 0

𝑉 + ∫ �̇�
𝑟2

𝑟1

(𝑟)𝑑𝑟 = 0

�̇� = 𝜕𝑣𝑧 𝜕𝑟⁄

2𝜋∫ 𝑟𝑣𝑧

𝑟2

𝑟1

(𝑟)𝑑𝑟 = −𝜋𝑟1
2𝑉

�̇� = 0 𝜏 ≤ 𝜏𝑦 𝜏 = 𝜏𝑦 + 𝑘�̇�
𝑛

𝜏 > 𝜏𝑦

�̇� =

{
 
 
 
 

 
 
 
 

−(
𝜏𝑦

𝑘
)

1
𝑛
(

𝜆𝑖𝜆𝑜
𝑟 − 𝑟 + 𝜆𝑖 − 𝜆𝑜

𝜆𝑜 − 𝜆𝑖
)

1
𝑛

      for 𝑟1 ≤ 𝑟 ≤ 𝜆𝑖

0                                                                  for 𝜆𝑖 ≤ 𝑟 ≤ 𝜆0

    (
𝜏𝑦

𝑘
)

1
𝑛
(
𝑟 −

𝜆𝑖𝜆𝑜
𝑟 + 𝜆𝑖 − 𝜆𝑜

𝜆𝑜 − 𝜆𝑖
)

1
𝑛

       for 𝜆0 ≤ 𝑟 ≤ 𝑟2

𝜆𝑖 𝜆𝑜



𝜏𝑦

�̇� 𝜏𝑟𝑧

𝜆𝑖

ℎ = −𝑟1 +√
∫ 𝑟²�̇�
𝜆𝑖
𝑟1

(𝑟)𝑑𝑟

∫ �̇�
𝜆𝑖
𝑟1

(𝑟)𝑑𝑟



𝑉(𝑘 𝜏𝑦)⁄
1
𝑛⁄

𝐵𝑚 =
𝜏𝑦

𝑘
(
𝑟2−𝑟1

𝑉
)
𝑛

 

𝜏𝑐 ℎ⁄

𝑙𝑐 = √𝛾 𝜌𝑔⁄

𝛾 √ℎ𝑙𝑐
3⁄

𝜏𝑦 > (𝜌𝑔)
3
4⁄  ℎ

1
2⁄  𝛾

1
4⁄

𝜏𝑦

𝜆𝑖 <

 𝑟1√1 + 2𝜏𝑦/𝜌𝑔𝑟1



𝜏𝑐 𝜏𝑐
𝜏𝑐 𝜏𝑐

 

𝜆𝑖
𝑝𝑙𝑎𝑡𝑒 𝜆𝑖

𝑝𝑙𝑎𝑡𝑒 ∝ 𝐿
1

1+𝑛



𝜆𝑖
𝑝𝑙𝑎𝑡𝑒

𝜏𝑐 𝜌𝑔⁄

𝜆𝑖
𝑝𝑙𝑎𝑡𝑒  𝜏𝑐 𝜌𝑔⁄

𝜆𝑖
𝑝𝑙𝑎𝑡𝑒

𝜆𝑖

𝛾𝑐  𝜆𝑜
𝛾𝑐(𝑟2−𝜆𝑜)

𝑉𝑑

 𝛾𝑐





 

 



 
 
 
 
 
Chapter 4 

Blade-Coating of complex fluids 



 

 



 



 

 

 



 



 

cos(𝜃) 𝛾𝐿𝐺 + 𝛾𝑆𝐿 − 𝛾𝑆𝐺

𝐹𝑓  𝐹𝑏
𝜂𝑉

ℎ0
2 η



𝜂𝑉

ℎ0
2  ~ 

∆𝑃

𝑙

∆𝑃

 𝐹𝑏 ~ 
𝐵𝑏

𝑅𝑐
2    

∆𝑃~
𝐹𝑏
𝑙𝑏
~

𝐵

𝑅𝑐²𝑙

ν   𝐵 =
𝐸ℎ0

3

12(1−𝜈2)

𝜂𝑉

ℎ0
2 = 

𝐵

𝑅𝑐²𝑙²



𝑙 ∝ (ℎ0𝑅𝑐²)
1
3⁄

ℎ0 ∝ 𝑅𝑐
5
3⁄ (
𝜂𝑉

𝐵
)

3
4⁄

𝜏(0) = − 𝜏𝑦 − 𝑘�̇�
𝑛

 �̇� =
𝜕𝑉

𝜕𝑧
> 0

𝜏(ℎ) =
𝜕𝑃

𝜕𝑥
ℎ0 + 𝜏(0)



𝜕𝑃

𝜕𝑥
𝜏(0)

𝜕𝑃

𝜕𝑥
 ~ 

∆𝑃

𝑙
 ~ 

𝐵

𝑅𝑐²𝑙²

 𝜏(ℎ) ~ − 𝜏𝑦

ℎ0 ~ (
𝑘𝑉𝑛𝑅𝑐

10
3⁄

𝐵
)

1

𝑛+1 3⁄

𝑅𝑐
𝑅𝑐

𝑅𝑐



𝑒 ~ (
𝑘𝑉𝑛𝐿𝑐

10
3⁄

𝐵
)

1

𝑛+1 3⁄

 



−
𝜕𝑃

𝜕𝑥
+
𝜕𝜏𝑧𝑥
𝜕𝑧

= 0

𝜏𝑧𝑥(𝑧) =
2𝜏𝑦

∆
(𝑧 − 𝜆)

 ∆ = 2𝜏𝑦/(𝜕𝑃/𝜕𝑥) ∆ 𝜆 𝜆𝑖 𝜆𝑜

𝜏𝑧𝑥(𝜆𝑖) = − 𝜏𝑦 𝜏𝑧𝑥(𝜆𝑜) = 𝜏𝑦

∆ = 𝜆𝑜 − 𝜆𝑖

𝜆 =
𝜆𝑜 + 𝜆𝑖
2

𝜏𝑧𝑥(𝑧) =
2𝜏𝑦

𝜆𝑜 − 𝜆𝑖
(𝑧 −

𝜆𝑜 + 𝜆𝑖
2

)



𝜆𝑖 𝜆𝑜

𝑉 = −∫ �̇�
ℎ

0

(𝑧)

𝑒𝑉 = ∫ 𝑣𝑥

ℎ

0

(𝑧)𝑑𝑧 = [

 
 
 
𝑧𝑣𝑥(𝑧)

 
 ]
0

ℎ

−∫ 𝑧
ℎ

0

�̇�(𝑧)𝑑𝑧

�̇� =  
𝜕𝑉𝑥

𝜕𝑧

[

 
 
 
𝑧𝑣𝑥(𝑧)

 
 ]
0

ℎ

= 0

𝜆𝑖  𝜆𝑜. 𝜆𝑖 𝜆𝑜 

 

 𝝀𝒊 𝝀𝒐 



�̇� =

{
  
 

  
 
−(

2𝜏𝑦

𝑘
)

1
𝑛

(
𝜆𝑖 − 𝑧

𝜆𝑜 − 𝜆𝑖
)

1
𝑛
< 0       for 0 ≤ 𝑧 ≤ 𝜆𝑖

                                               0       for 𝜆𝑖 ≤ 𝑧 ≤ 𝜆0

    (
2𝜏𝑦

𝑘
)

1
𝑛

(
𝑧 − 𝜆𝑜
𝜆𝑜 − 𝜆𝑖

)

1
𝑛
> 0       for 𝜆0 ≤ 𝑧 ≤ ℎ

𝜆𝑖 𝜆𝑜

 0 ≤ 𝑧 ≤ 𝜆𝑖 𝜆𝑖 ≤ 𝑧 ≤ 𝜆0 𝜆0 ≤

𝑧 ≤ ℎ

1 + 𝑛

𝑛
 [
𝑘(𝜆𝑜 − 𝜆𝑖)

2𝜏𝑦
]

1
𝑛

𝑉 = 𝜆𝑖
1+
1
𝑛 − (ℎ − 𝜆𝑜)

1+
1
𝑛

(1 + 𝑛)(1 + 2𝑛)

𝑛
 [
𝑘(𝜆𝑜 − 𝜆𝑖)

2𝜏𝑦
]

1
𝑛

𝑒𝑉 = 𝑛𝜆𝑖
2+
1
𝑛 − (ℎ + 𝑛ℎ + 𝑛𝜆𝑜)(ℎ − 𝜆𝑜)

1+
1
𝑛

𝜆𝑖  𝜆𝑜

𝜆𝑖 𝜆𝑜

 𝝀𝒊 𝝀𝒐 ≥

𝜏𝑧𝑥(𝜆𝑖) =

− 𝜏𝑦  𝜏𝑧𝑥(ℎ) ≤ 𝜏𝑦

�̇� = {−(
2𝜏𝑦

𝑘
)

1
𝑛

(
𝜆𝑖 − 𝑧

𝜆𝑜 − 𝜆𝑖
)

1
𝑛
< 0       for 0 ≤ 𝑧 ≤ 𝜆𝑖

                                             0       for 𝜆𝑖 ≤ 𝑧 ≤ ℎ

𝜆𝑖 ≤ ℎ 𝜆𝑜 > ℎ

1 + 𝑛

𝑛
 [
𝑘(𝜆𝑜 − 𝜆𝑖)

2𝜏𝑦
]

1
𝑛

𝑉 = 𝜆𝑖
1+
1
𝑛



(1 + 𝑛)(1 + 2𝑛)

𝑛
 [
𝑘(𝜆𝑜 − 𝜆𝑖)

2𝜏𝑦
]

1
𝑛

𝑒𝑉 = 𝑛𝜆𝑖
2+
1
𝑛

𝜆𝑖 =
1 + 2𝑛

𝑛
𝑒

𝜆𝑜 =
1 + 2𝑛

𝑛
𝑒 +

1

𝑛
(1 + 𝑛)−𝑛(1 + 2𝑛)1+𝑛

2𝜏𝑦

𝑘
𝑒1+𝑛𝑉−𝑛

 𝝀𝒐 ≥ 𝝀𝒊 ≥

 𝜏𝑧𝑥(𝑧) < − 𝜏𝑦  0 ≤ 𝑧 ≤ ℎ

�̇� = −(
2𝜏𝑦

𝑘
)

1
𝑛

(
𝜆𝑖 − 𝑧

𝜆𝑜 − 𝜆𝑖
)

1
𝑛

𝜆𝑖 ≥ ℎ 𝜆𝑜 > ℎ

1 + 𝑛

𝑛
 [
𝑘(𝜆𝑜 − 𝜆𝑖)

2𝜏𝑦
]

1
𝑛

𝑉 = 𝜆𝑖
1+
1
𝑛 − (𝜆𝑖 − ℎ)

1+
1
𝑛

(1 + 𝑛)(1 + 2𝑛)

𝑛
 [
𝑘(𝜆𝑜 − 𝜆𝑖)

2𝜏𝑦
]

1
𝑛

𝑒𝑉 = 𝑛𝜆𝑖
2+
1
𝑛 − (ℎ + 𝑛ℎ + 𝑛𝜆𝑜)(ℎ − 𝜆𝑖)

1+
1
𝑛

𝜆𝑖  𝜆𝑜

 

𝜆𝑖 𝜆𝑜
𝑧 < 𝜆𝑖

𝑧 = 𝜆0

 𝜆𝑖



𝜆𝑖 𝜆𝑜

𝜆𝑖

𝜆𝑖

 𝜆0 = ℎ(𝑥)

 𝜆0
 𝜆0

1 + 2𝑛

𝑛
𝑒(𝑘, 𝑉) +

1

𝑛
(1 + 𝑛)−𝑛(1 + 2𝑛)1+𝑛

2𝜏𝑦

𝑘
𝑒(𝑘, 𝑉)1+𝑛𝑉−𝑛 = 𝑤

𝜏𝑦 ≈ 2𝑘

𝜏𝑦



 

 

𝜏𝑦





 

 

 

 

𝜏𝑧𝑥(𝑧) =
2𝜏𝑦

𝜆𝑜 − 𝜆𝑖
(𝑧 −

𝜆𝑜 + 𝜆𝑖
2

)

𝜏𝑧𝑥(𝑒) = 0

𝜏𝑧𝑥(0) < − 𝜏𝑐 λ  λ  

�̇� = {−(
2𝜏𝑦

𝑘
)

1
𝑛

(
𝜆𝑖 − 𝑧

𝜆𝑜 − 𝜆𝑖
)

1
𝑛
< 0       for 0 ≤ 𝑧 ≤ 𝜆𝑖

                                             0       for 𝜆𝑖 ≤ 𝑧 ≤ ℎ

𝑣𝑥(𝑧) = 𝑉



𝑣𝑥(𝑧) =

{
 
 

 
 
𝑉 −

𝑛

1 + 𝑛
(

2𝜏𝑦

𝑘(𝜆𝑜 − 𝜆𝑖)
)

1
𝑛

(𝜆𝑖
1+
1
𝑛 − (𝜆𝑖 − 𝑧)

1+
1
𝑛)        for 0 ≤ 𝑧 ≤ 𝜆𝑖

𝑉 −
𝑛

1 + 𝑛
(

2𝜏𝑦

𝑘(𝜆𝑜 − 𝜆𝑖)
)

1
𝑛

𝜆𝑖
1+
1
𝑛                                        for 𝜆𝑖 ≤ 𝑧 ≤ 𝑒

𝜆𝑖 𝜆𝑜

 𝜏𝑧𝑥(𝑒) = 0 𝜆𝑜 + 𝜆𝑖 = 2𝑒

 

∫ 𝑣𝑥

𝑒

0

(𝑧)𝑑𝑧 = 0

1 + 𝑛

𝑛
(
𝑘(𝜆𝑜 − 𝜆𝑖)

2𝜏𝑦
)

1
𝑛

𝑒𝑉 − 𝑒𝜆𝑖
1+
1
𝑛 +

𝑛

1 + 2𝑛
𝜆𝑖
2+
1
𝑛 = 0

𝜆𝑜 = 2𝑒 − 𝜆𝑖 𝜆𝑖

1 + 𝑛

𝑛
(
𝑘(𝑒 − 𝜆𝑖)

𝜏𝑦
)

1
𝑛

𝑒𝑉 − 𝑒𝜆𝑖
1+
1
𝑛 +

𝑛

1 + 2𝑛
𝜆𝑖
2+
1
𝑛 = 0

𝜏𝑧𝑥(0) = −𝜏𝑦 (
𝑒

𝑒 − 𝜆𝑖
)

𝐹𝑐𝑎𝑝 = 𝛾(𝜃𝑒 − 𝜃𝑑)

𝛾 𝜃𝑒 𝜃𝑑

𝐹𝑣𝑖𝑠𝑐 = −𝜏𝑦∫
𝑥 sin(𝜃𝑑)

𝑥 sin(𝜃𝑑) − 𝜆𝑖
𝑑𝑥

𝑙𝑐

𝑎



𝜆𝑖
 𝑥 sin(𝜃𝑑)

𝜃𝑑

𝜏𝑦

𝜏𝑦 < 10 𝑃𝑎

𝜏𝑤 𝜏𝑦⁄

𝜏𝑤 𝜏𝑦⁄
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Using fillers in cosmetic product 
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Formula 
%w carbopol 

(in liquid 
phase) 

%v starch 
(global 

volume) 

%w glycerol 
(in liquid 
phase) 

Spreading 
defect risk 

φstarch 
(In the 

dry film) 

𝝉𝒚 

(Pa) 
k (Pa.s1/n) n 

1 

0.3 

6.4 

10 

3 0.46 50.8 18.4 0.40 

2 9.3 5 0.56 48.3 16.9 0.42 

3 12.0 5 0.63 44.0 16.0 0.44 

4 6.9 

50 

1 0.14 46.8 29.1 0.44 

5 10.0 1 0.20 41.5 27.4 0.45 

6 12.9 3 0.25 37.6 25.7 0.47 

 





 

𝜏 = 𝜏𝑐 + 𝑘�̇�
𝑛



Formula %w carbopol 
(in liquid phase) 

%v starch 
(global 

volume) 

%w glycerol 
(in liquid 
phase) 

φstarch 
(In the 

dry film) 

𝛕𝐲 

(Pa) 
k 

(Pa.s1/n) 
n 

3’A 0.30 14.6 10.0 

0.68 

19.9 10.3 0.46 

3’B 0.43 19.8 14.3 31.5 17.1 0.48 

3’C 0.75 30.5 25.0 67.5 62.0 0.48 

3’D 1.15 40.9 38.2 225 226 0.77 

4’A 0.30 8.5 50.0 

0.17 

28.0 20.8 0.45 

4’B 0.38 10.7 62.5 36.7 37.4 0.46 

4’C 0.45 13.0 75.6 45.2 104 0.48 

4’D 0.60 17.3 99.8 63.4 193 0.51 





φ

φ

φ

φ

 

φ
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Appendix section 

 

�̃� =
𝑟

𝑟1
;  ℎ̃ =

ℎ

𝑟1
;  �̃� =

𝑧

𝑙
;  �̃� =

𝑃

𝜌𝑔𝑙
; �̃̇� =

𝑉�̇�

𝑟2 − 𝑟1
;  �̃� =

𝜏

𝜏𝑦
;  �̃�𝑧 =

𝑣𝑧
𝑉
; 

𝐵𝑚 =
𝜏𝑦

𝑘
(
𝑟2 − 𝑟1
𝑉

)
𝑛

;𝑊 =
𝜏𝑦

𝜌𝑔𝑟1

−1 −
𝜕𝑃

𝜕𝑧
+
𝑊

𝑟

𝜕𝑟𝜏𝑟𝑧
𝜕𝑟

= 0 

𝜏𝑟𝑧(𝑟) =
1

𝜆𝑖 − 𝜆𝑜
(𝑟 −

𝜆𝑖𝜆𝑜
𝑟
) 

∫ �̇�
𝑟2

1

(𝑟)𝑑𝑟 = 1 − 𝑟2

∫ 𝑟𝑣𝑧(𝑟)𝑑𝑟
𝑟2

1

= −
1

2



�̇� =

{
 
 
 
 

 
 
 
 

−𝐵𝑚
1
𝑛 (

𝜆𝑖𝜆𝑜
𝑟 − 𝑟 + 𝜆𝑖 − 𝜆𝑜

𝜆𝑜 − 𝜆𝑖
)

1
𝑛

        for 1 ≤ 𝑟 ≤ 𝜆𝑖

0                                                                for 𝜆𝑖 ≤ 𝑟 ≤ 𝜆0

    𝐵𝑚
1
𝑛 (
𝑟 −

𝜆𝑖𝜆𝑜
𝑟 + 𝜆𝑖 − 𝜆𝑜

𝜆𝑜 − 𝜆𝑖
)

1
𝑛

        for 𝜆0 ≤ 𝑟 ≤ 𝑟2

ℎ = −1 + √
∫ 𝑟²�̇�
𝜆𝑖
1

(𝑟)𝑑𝑟

∫ �̇�
𝜆𝑖
1

(𝑟)𝑑𝑟

{ 𝜆𝑖, 𝜆𝑜} ∈ [1, 𝑟2]

𝑟2 𝐵𝑚 =
𝜏𝑦

𝑘
(
𝑟2−𝑟1

𝑉
)
𝑛

𝑟2 𝐵𝑚

 

−𝜌𝑔 −
𝜕𝑃

𝜕𝑧
+
𝜕𝜏𝑥𝑧
𝜕𝑥

= 0 

𝜌
𝜕𝑃

𝜕𝑧

𝜏𝑥𝑧(𝑥)

𝜏𝑦
=

2

𝜆𝑜
𝑝𝑙𝑎𝑡𝑒 − 𝜆𝑖

𝑝𝑙𝑎𝑡𝑒 (𝑥 −
𝜆𝑜

𝑝𝑙𝑎𝑡𝑒 + 𝜆𝑖
𝑝𝑙𝑎𝑡𝑒

2
) 

𝜆𝑜
𝑝𝑙𝑎𝑡𝑒 𝜆𝑖

𝑝𝑙𝑎𝑡𝑒

𝜏𝑥𝑧(𝜆𝑖
𝑝𝑙𝑎𝑡𝑒) = −𝜏𝑦 𝜏𝑥𝑧(𝜆𝑜

𝑝𝑙𝑎𝑡𝑒) = 𝜏𝑦



 𝑣𝑧(0) = 𝑉 𝑣𝑧(𝐿) = 0

−𝑉 = ∫ �̇�
𝐿

0

(𝑥)𝑑𝑥

 

−
𝑒

2
𝑉 = ∫ 𝑣𝑥(𝑥)𝑑𝑥

𝐿

0

�̇�(𝑥) =

{
 
 
 

 
 
 
−(

2𝜏𝑦

𝑘
)

1
𝑛

(
𝜆𝑖
𝑝𝑙𝑎𝑡𝑒 − 𝑥

𝜆𝑜
𝑝𝑙𝑎𝑡𝑒 − 𝜆𝑖

𝑝𝑙𝑎𝑡𝑒)

1
𝑛

                        for 1 ≤ 𝑥 ≤ 𝜆𝑖
𝑝𝑙𝑎𝑡𝑒

0                                                                        for 𝜆𝑖
𝑝𝑙𝑎𝑡𝑒 ≤ 𝑥 ≤ 𝜆𝑜

𝑝𝑙𝑎𝑡𝑒

(
2𝜏𝑦

𝑘
)

1
𝑛
(

𝜆𝑖
𝑝𝑙𝑎𝑡𝑒 − 𝑥

𝜆𝑜
𝑝𝑙𝑎𝑡𝑒 − 𝜆𝑖

𝑝𝑙𝑎𝑡𝑒)

1
𝑛

            for 𝜆𝑜
𝑝𝑙𝑎𝑡𝑒 ≤ 𝑥 ≤ 𝑟2

�̇�(𝑥) =

{
 
 
 
 

 
 
 
 
𝑉 −

𝑛

1 + 𝑛
(

2𝜏𝑦

𝑘(𝜆𝑜
𝑝𝑙𝑎𝑡𝑒 − 𝜆𝑖

𝑝𝑙𝑎𝑡𝑒)
)

1
𝑛

((𝜆𝑖
𝑝𝑙𝑎𝑡𝑒)

1+
1
𝑛 − (𝜆𝑖

𝑝𝑙𝑎𝑡𝑒 − 𝑥)
1+
1
𝑛 )                    for 1 ≤ 𝑥 ≤ 𝜆𝑖

𝑝𝑙𝑎𝑡𝑒

𝑉 −
𝑛

1 + 𝑛
(

2𝜏𝑦

𝑘(𝜆𝑜
𝑝𝑙𝑎𝑡𝑒 − 𝜆𝑖

𝑝𝑙𝑎𝑡𝑒)
)

1
𝑛

(𝜆𝑖
𝑝𝑙𝑎𝑡𝑒)

1+
1
𝑛                                                   for 𝜆𝑖

𝑝𝑙𝑎𝑡𝑒 ≤ 𝑥 ≤ 𝜆𝑜
𝑝𝑙𝑎𝑡𝑒

−
𝑛

1 + 𝑛
(

2𝜏𝑦

𝑘(𝜆𝑜
𝑝𝑙𝑎𝑡𝑒 − 𝜆𝑖

𝑝𝑙𝑎𝑡𝑒)
)

1
𝑛

((𝐿 − 𝜆𝑜
𝑝𝑙𝑎𝑡𝑒)

1+
1
𝑛 − (𝑥 − 𝜆𝑜

𝑝𝑙𝑎𝑡𝑒)
1+
1
𝑛 )           for 𝜆𝑜

𝑝𝑙𝑎𝑡𝑒 ≤ 𝑥 ≤ 𝑟2

1 + 𝑛

2
1
𝑛𝑛

(
𝜆𝑜

𝑝𝑙𝑎𝑡𝑒

𝐿
−
𝜆𝑖
𝑝𝑙𝑎𝑡𝑒

𝐿
)

1
𝑛

= 𝐵𝑚
1
𝑛 ((

𝜆𝑖
𝑝𝑙𝑎𝑡𝑒

𝐿
)

1+
1
𝑛

− (1 −
𝜆𝑜

𝑝𝑙𝑎𝑡𝑒

𝐿
)

1+
1
𝑛

)

(1 + 2𝑛)((
𝜆𝑖
𝑝𝑙𝑎𝑡𝑒

𝐿
)

1+
1
𝑛

− (1 −
𝜆𝑜

𝑝𝑙𝑎𝑡𝑒

𝐿
)

1+
1
𝑛

)
𝑒

2𝐿
=

(

 
 
(1 + 𝑛 + 𝑛

𝜆𝑜
𝑝𝑙𝑎𝑡𝑒

𝐿
)(1 −

𝜆𝑜
𝑝𝑙𝑎𝑡𝑒

𝐿
)

1+
1
𝑛

− 𝑛(
𝜆𝑖
𝑝𝑙𝑎𝑡𝑒

𝐿
)

1+
1
𝑛

)

 
 



𝐵𝑚 =
𝜏𝑦

𝑘
(
𝐿

𝑉
)
𝑛

𝜆𝑖
𝑝𝑙𝑎𝑡𝑒

𝜆𝑖
𝑝𝑙𝑎𝑡𝑒

𝜆𝑖
𝑝𝑙𝑎𝑡𝑒

(
𝜏𝑦

𝑘
)

1

𝑛

𝜆𝑖
𝑝𝑙𝑎𝑡𝑒 = [(

1 + 𝑛

𝑛
)

𝑛

(1 +
𝑒

2𝐿
)
𝑛 𝑘𝑉𝑛𝐿

2𝜏𝑦
]

1
1+𝑛

𝜆𝑖
𝑝𝑙𝑎𝑡𝑒 ∝ 𝐿

1

1+𝑛
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ABSTRACT 

 

The spreading of cosmetic products, although it seems trivial at the consumer level, 

involves many complex physico-chemical phenomena that are important to understand and 

control. In this thesis, we study in detail the phenomena that occur during the spreading of 

complex fluids. Through our studies, we provide scientific levers that will ultimately improve 

the performance of cosmetic products. To do this, we study various scientific fields such 

as complex fluid rheology (i. e. gels and solid particle dispersion), wetting, fluid mechanics 

and spreading systems. 

MOTS CLÉS 

 

Fluides complexes, rhéologie, mouillage, étalement. 

RÉSUMÉ 

 

L’étalement des produits cosmétiques, bien qu’il semble trivial à l’échelle du 

consommateur, met en action de nombreux phénomènes physico-chimiques complexes 

importants à comprendre et à maitriser. Dans cette thèse, nous étudions en détail les 

phénomènes qui interviennent lors de l’étalement de fluides complexes. A travers nos 

études, nous fournissons des leviers scientifiques qui permettront in fine d’améliorer les 

performances des produits cosmétiques. Pour ce faire, nous étudions divers domaines 

scientifiques comme la rhéologie des fluides complexes (c.-à-d. gels et dispersion de 

particules solides), le mouillage, la mécanique des fluides et les systèmes d’étalement. 

KEYWORDS 

 

Complex fluids, rheology, wetting, spreading. 


