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Fluid mechanics

Navier-Stokes equation : 
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Slip length
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Slip length
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Slip length

Slip length b: 

�8�q 
L �>
�ò�R
�ò�V
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Slip length

Slip length b: 

�8�q 
L �>
�ò�R
�ò�V

Flow rate:

�3 �ß �N�=�@�E�Q�O�8
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Slip length for simple fluids

L. Bocquet and E. Charlaix, Chemical Society Reviews, 2010

Molecular Dynamics simulation Experimental results

Orders of magnitude:

bwater/glass �§������nm            But quite �D���P�H�V�V�«
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Slip length for polymer melts

Orders of magnitude:

bwater/glass �§������nm  

bPDMS/glass �§��������µm         

O. Bäumchen et al., Journal of Physics: Condensed Matter, 2012
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�3�K�'�¶�Vdaily life

Videos for Q.S Wang on Youtube
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�3�K�'�¶�Vdaily life

Videos for Q.S Wang on Youtube

No slip
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�3�K�'�¶�Vdaily life

Videos for Q.S Wang on Youtube

No slip

Stick slip
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Slippage of polymers
General case :

Orders of magnitude:

bwater/glass �§�������Q�P

bPDMS/glass �§100 µm

�>

�8�q

�V
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�1�D�Y�L�H�U�¶�Vhypothesis
at the wall (1823) : �ê �V 
L �r 
L �G �8�æ

Friction coefficient

Slippage of polymers
General case :

Orders of magnitude:

bwater/glass �§�������Q�P

bPDMS/glass �§100 µm

�>

�8�q
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�1�D�Y�L�H�U�¶�Vhypothesis
at the wall (1823) : �ê �V 
L �r 
L �G �8�æ

Friction coefficient

Slippage of polymers
General case :

In the bulk : �ê �V 
L �ß�`�s�j�i
�ò�R
�ò�V


L �ß�`�s�j�i
�8�æ
�>

Orders of magnitude:

bwater/glass �§�������Q�P

bPDMS/glass �§100 µm

�>

�8�q

�V
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Orders of magnitude:
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L �G �8�æ

Friction coefficient

Slip length : �> 
L
�ß�`�s�j�i
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Slippage of polymers
General case :

In the bulk : �ê �V 
L �ß�`�s�j�i
�ò�R
�ò�V


L �ß�`�s�j�i
�8�æ
�>

de Gennes�¶���K�\�S�R�W�K�H�V�L�V������

k independent of N,
N number of monomers per chain

Orders of magnitude:

bwater/glass �§�������Q�P

bPDMS/glass �§100 µm

�>

�8�q

�V



Marion Grzelka �² Rencontre des Jeunes �3�K�\�V�L�F�L�H�Q�Ã�Q�H�Ã�V �²18/11/23 2121

�1�D�Y�L�H�U�¶�Vhypothesis
at the wall (1823) : �ê �V 
L �r 
L �G �8�æ

Friction coefficient

Slip length : �> 
L
�ß�`�s�j�i

�G

Slippage of polymers
General case :

In the bulk : �ê �V 
L �ß�`�s�j�i
�ò�R
�ò�V


L �ß�`�s�j�i
�8�æ
�>

�>�n�m�j�w�k�c�p
L �>�k�m�l�m�k�c�p
�ß�n�m�j�w�k�c�p

�ß�k�m�l�m�k�c�p

de Gennes�¶���K�\�S�R�W�K�H�V�L�V������

k independent of N,
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Orders of magnitude:
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How to measure slippage of polymers ?

Linear model polymers,
PolyDiMethylSiloxane (PDMS)

Velocimetry using photobleaching
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How to measure slippage of polymers ?

Mix of normal and fluorescent,
photobleachable polymers

Linear model polymers,
PolyDiMethylSiloxane (PDMS)

Velocimetry using photobleaching
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How to measure slippage of polymers ?

Velocimetry using photobleaching

Photobleached pattern

Side view

�D

�V

Top view

Before 
shearing

After 
shearing
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Temperature dependence of the slippage?
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The higher the temperature, the easiest the slippage?

�> 
L
�D �@�æ�á�Õ

�@�ç
F �@�æ�á�ç
F �@�æ�á�Õ

Bäumchen et al., J. Phys. Conf. Ser., 2010

PS 13 kg.mol -1

Wang et al., Macromolecules, 1996

PE on steel
131 kg.mol -1

158 kg.mol -1

226 kg.mol -1

317 kg.mol -1
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Temperature-Controlled Slip of Polymer Melts on Ideal 
Substrates

Hénot *, Grzelka *, et al., Phys. Rev. Letters, 2018

PDMS melt 685 kg.mol-1 on OTS and PDMS 2 kg.mol-1 grafted layer
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Temperature-Controlled Slip of Polymer Melts on Ideal 
Substrates

Hénot *, Grzelka *, et al., Phys. Rev. Letters, 2018

PDMS melt 685 kg.mol-1 on OTS and PDMS 2 kg.mol-1 grafted layer
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Temperature-Controlled Slip of Polymer Melts on Ideal 
Substrates

Hénot *, Grzelka *, et al., Phys. Rev. Letters, 2018

�>�:�6�; 
L
�ß�`�s�j�i�:�6�;

�G�:�6�;

PDMS melt 685 kg.mol-1 on OTS and PDMS 2 kg.mol-1 grafted layer
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Temperature-Controlled Slip of Polymer Melts on Ideal 
Substrates

Hénot *, Grzelka *, et al., Phys. Rev. Letters, 2018
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Temperature-Controlled Slip of Polymer Melts on Ideal 
Substrates

Hénot *, Grzelka *, et al., Phys. Rev. Letters, 2018
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Temperature-Controlled Slip of Polymer Melts on Ideal 
Substrates

Hénot *, Grzelka *, et al., Phys. Rev. Letters, 2018

�>�:�6�; 
L
�ß�`�s�j�i�:�6�;

�G�:�6�;

PDMS melt 685 kg.mol-1 on OTS and PDMS 2 kg.mol-1 grafted layer
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Temperature-Controlled Slip of Polymer Melts on Ideal 
Substrates

Hénot *, Grzelka *, et al., Phys. Rev. Letters, 2018

�>�:�6�; 
L
�ß�`�s�j�i�:�6�;

�G�:�6�;

PDMS melt 685 kg.mol-1 on OTS and PDMS 2 kg.mol-1 grafted layer

�D �ß �A
�¾�l�_�i�Y�e�k�i

�Ë�Í
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The higher the temperature, the less friction!

�D �ß �A
�¾�l�_�i�Y�e�k�i

�Ë�Í
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The higher the temperature, the less friction!

�G�d�p�g�a�r�g�m�l�ß �‡�š�’
�' �d�p�g�a�r�g�m�l

�4�6

Efriction, melt = �t�s�ä�u 
G �v�ä�rkJ.mol-1

Efriction, melt = �s�r�ä�x 
G �y�ä�skJ.mol-1

�D �ß �A
�¾�l�_�i�Y�e�k�i

�Ë�Í
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The higher the temperature, the less friction!

�G�d�p�g�a�r�g�m�l�ß �‡�š�’
�' �d�p�g�a�r�g�m�l

�4�6

Efriction, melt = �t�s�ä�u 
G �v�ä�rkJ.mol-1

Efriction, melt = �s�r�ä�x 
G �y�ä�skJ.mol-1

�D �ß �A
�¾�l�_�i�Y�e�k�i

�Ë�Í
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The higher the temperature, the less friction!

�G�d�p�g�a�r�g�m�l�ß �‡�š�’
�' �d�p�g�a�r�g�m�l

�4�6

Efriction, elastomer = �t�v�ä�x 
G �u�ä�ukJ.mol-1

Efriction, melt = �t�s�ä�u 
G �v�ä�rkJ.mol-1

Efriction, melt = �s�r�ä�x 
G �y�ä�skJ.mol-1

Efriction, elastomer = �s�w�ä�z 
G �t�ä�ukJ.mol-1

�D �ß �A
�¾�l�_�i�Y�e�k�i

�Ë�Í
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The higher the temperature, the easiest the slippage?

�D �ß �A
�¾�l�_�i�Y�e�k�i

�Ë�Í

�G�d�p�g�a�r�g�m�l�ß �A
�¾�\�h�_�Y�j�_�e�d

�Ë�Í

�> �ß �A
�¾�l�_�i�Y�e�k�i�?�¾�\�h�_�Y�j�_�e�d

�Ë�Í
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The higher the temperature, the easiest the slippage?

�D �ß �A
�¾�l�_�i�Y�e�k�i

�Ë�Í

�G�d�p�g�a�r�g�m�l�ß �A
�¾�\�h�_�Y�j�_�e�d

�Ë�Í

�> �ß �A
�¾�l�_�i�Y�e�k�i�?�¾�\�h�_�Y�j�_�e�d

�Ë�Í
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The higher the temperature, the easiest the slippage?

�D �ß �A
�¾�l�_�i�Y�e�k�i

�Ë�Í

�G�d�p�g�a�r�g�m�l�ß �A
�¾�\�h�_�Y�j�_�e�d

�Ë�Í

�> �ß �A
�¾�l�_�i�Y�e�k�i�?�¾�\�h�_�Y�j�_�e�d

�Ë�Í

�' �t�g�q�a�m�s�q�1�'�d�p�g�a�r�g�m�l

Grafted PDMS layer

�> �:�6�; �1constant

�' �t�g�q�a�m�s�q
L �s�x�ä�u 
G �t�ä�zkJ.mol-1

�' �d�p�Ü�a�r�g�m�l
L �s�w�ä�z 
G �t�ä�ukJ.mol-1
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The higher the temperature, the easiest the slippage?

�D �ß �A
�¾�l�_�i�Y�e�k�i

�Ë�Í

�G�d�p�g�a�r�g�m�l�ß �A
�¾�\�h�_�Y�j�_�e�d

�Ë�Í

�> �ß �A
�¾�l�_�i�Y�e�k�i�?�¾�\�h�_�Y�j�_�e�d

�Ë�Í

�' �t�g�q�a�m�s�q�1�'�d�p�g�a�r�g�m�l

Grafted PDMS layer

�> �:�6�; �1constant

�' �t�g�q�a�m�s�q
L �s�x�ä�u 
G �t�ä�zkJ.mol-1

�' �d�p�Ü�a�r�g�m�l
L �s�w�ä�z 
G �t�ä�ukJ.mol-1

�' �t�g�q�a�m�s�q
O �'�d�p�g�a�r�g�m�l

OTS layer

�>increases with T

�' �t�g�q�a�m�s�q
L �s�x�ä�u 
G �t�ä�zkJ.mol-1

�' �d�p�g�a�r�g�m�l
L �t�v�ä�x 
G �u�ä�ukJ.mol-1
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The higher the temperature, the easiest the slippage?

�D �ß �A
�¾�l�_�i�Y�e�k�i

�Ë�Í

�G�d�p�g�a�r�g�m�l�ß �A
�¾�\�h�_�Y�j�_�e�d

�Ë�Í

�> �ß �A
�¾�l�_�i�Y�e�k�i�?�¾�\�h�_�Y�j�_�e�d

�Ë�Í

�' �t�g�q�a�m�s�q�1�'�d�p�g�a�r�g�m�l

Grafted PDMS layer

�> �:�6�; �1constant

�' �t�g�q�a�m�s�q
L �s�x�ä�u 
G �t�ä�zkJ.mol-1

�' �d�p�Ü�a�r�g�m�l
L �s�w�ä�z 
G �t�ä�ukJ.mol-1

�' �t�g�q�a�m�s�q
O �'�d�p�g�a�r�g�m�l

OTS layer

�>increases with T

�' �t�g�q�a�m�s�q
L �s�x�ä�u 
G �t�ä�zkJ.mol-1

�' �d�p�g�a�r�g�m�l
L �t�v�ä�x 
G �u�ä�ukJ.mol-1

�' �t�g�q�a�m�s�q
P �'�d�p�g�a�r�g�m�l

PS on DTS layer

�>decreases with T

Efriction �1 250 kJ.mol-1

250 kJ.mol-1 < Eviscous < 500 kJ.mol-1
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Conclusion

�‡ Experimental technique to measure �> 
P �s �Á�•

�‡ Possible to study of molecular effect :
The friction is a thermodynamically activated process far above Tg

�G�d�p�g�a�r�g�m�l�ß �‡�š�’
�' �d�p�g�a�r�g�m�l

�4�6

The higher the temperature, the less friction

Validity for simple liquids?
�G�d�p�g�a�r�g�m�llocal, independent of N, so should be valid for simple liquid too
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Slippage of polymer melts close to T g?

�G�d�p�g�a�r�g�m�l�ß �A
�¾�\�h�_�Y�j�_�e�d

�Ë�Í ?
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Slippage of polymer melts close to T g?

�G�d�p�g�a�r�g�m�l�ß �A
�¾�\�h�_�Y�j�_�e�d

�Ë�Í ?
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Slippage of polymer melts close to T g?

�G�d�p�g�a�r�g�m�l�ß �A
�¾�\�h�_�Y�j�_�e�d

�Ë�Í ?Efriction, OTS = �u�t�t
G�s�zkJ.mol-1

Efriction, AF1600 = �u�{�{
G�t�zkJ.mol-1

Efriction, AF1600 = �t�w�r
G�s�ukJ.mol-1

�G�d�p�g�a�r�g�m�l�ß �‡�š�’
�' �d�p�g�a�r�g�m�l

�4�6



Marion Grzelka �² Rencontre des Jeunes �3�K�\�V�L�F�L�H�Q�Ã�Q�H�Ã�V �²18/11/23 5252

Slip of polymer melt close to T g?

For calculations, 
see Ferry

Williams�±Landel�±
Ferry equation

�Ž�‘�‰
�D�Í
�D�Í�Ò


L 
F
�?�5�:�6 
F �6�Ú�;

�?�6 
E �6 
F �6�Ú

�' �Ô
L �Ž�•�s�r �4�?�5�?�6
�Í �.

�:�Ö�. �>�Í�?�Í�Ò�;�.
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Temperature-Controlled Slip of Polymer Melts on Ideal 
Substrates

�D �ß �A
�¾�l�_�i�Y�e�k�i

�Ë�Í

�G�d�p�g�a�r�g�m�l�ß �A
�¾�\�h�_�Y�j�_�e�d

�Ë�Í

�> �ß �A
�¾�l�_�i�Y�e�k�i�?�¾�\�h�_�Y�j�_�e�d

�Ë�Í

�' �t�g�q�a�m�s�q�á�T�H�Q�W
L �s�wkJ.mol-1 Barlow et al., 1964



Marion Grzelka �² Rencontre des Jeunes �3�K�\�V�L�F�L�H�Q�Ã�Q�H�Ã�V �²18/11/23 5454

Temperature-Controlled Slip of Polymer Melts on Ideal 
Substrates

�D �ß �A
�¾�l�_�i�Y�e�k�i

�Ë�Í

�G�d�p�g�a�r�g�m�l�ß �A
�¾�\�h�_�Y�j�_�e�d

�Ë�Í

�> �ß �A
�¾�l�_�i�Y�e�k�i�?�¾�\�h�_�Y�j�_�e�d

�Ë�Í

�' �t�g�q�a�m�s�q�á�T�H�Q�W
L �s�wkJ.mol-1 Barlow et al., 1964

�' �t�g�q�a�m�s�q�1�'�d�p�g�a�r�g�m�l

Grafted PDMS layer

�> �:�6�; �1constant

Efriction = 15 kJ.mol-1 

�1 �x �G�»�6
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Temperature-Controlled Slip of Polymer Melts on Ideal 
Substrates

�D �ß �A
�¾�l�_�i�Y�e�k�i

�Ë�Í

�G�d�p�g�a�r�g�m�l�ß �A
�¾�\�h�_�Y�j�_�e�d

�Ë�Í

�> �ß �A
�¾�l�_�i�Y�e�k�i�?�¾�\�h�_�Y�j�_�e�d

�Ë�Í

�' �t�g�q�a�m�s�q�á�T�H�Q�W
L �s�wkJ.mol-1 Barlow et al., 1964

�' �t�g�q�a�m�s�q�1�'�d�p�g�a�r�g�m�l

Grafted PDMS layer

�> �:�6�; �1constant

Efriction = 15 kJ.mol-1 

�1 �x �G�»�6
�' �t�g�q�a�m�s�q
O �'�d�p�g�a�r�g�m�l

OTS layer

�>increases with T

Efriction = 23 kJ.mol-1

�1 �{ �G�»�6
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Temperature-Controlled Slip of Polymer Melts on Ideal 
Substrates

�D �ß �A
�¾�l�_�i�Y�e�k�i

�Ë�Í

�G�d�p�g�a�r�g�m�l�ß �A
�¾�\�h�_�Y�j�_�e�d

�Ë�Í

�> �ß �A
�¾�l�_�i�Y�e�k�i�?�¾�\�h�_�Y�j�_�e�d

�Ë�Í

�' �t�g�q�a�m�s�q�á�T�H�Q�W
L �s�wkJ.mol-1 Barlow et al., 1964

�' �t�g�q�a�m�s�q�1�'�d�p�g�a�r�g�m�l

Grafted PDMS layer

�> �:�6�; �1constant

Efriction = 15 kJ.mol-1 

�1 �x �G�»�6
�' �t�g�q�a�m�s�q
O �'�d�p�g�a�r�g�m�l

OTS layer

�>increases with T

Efriction = 23 kJ.mol-1

�1 �{ �G�»�6

�' �t�g�q�a�m�s�q
P �'�d�p�g�a�r�g�m�l

PS on DTS layer

�>decreases with T

Efriction = 250 kJ.mol-1

�1 �y�z�G�»�6

250 kJ.mol-1 < Eviscous < 500 kJ.mol-1
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Temperature-Controlled Slip of Polymer Melts on Ideal 
Substrates

�D �ß �A
�¾�l�_�i�Y�e�k�i

�Ë�Í

�' �t�g�q�a�m�s�q�á�T�H�Q�W
L �s�wkJ.mol-1

Barlow et al., 1964



Marion Grzelka �² Rencontre des Jeunes �3�K�\�V�L�F�L�H�Q�Ã�Q�H�Ã�V �²18/11/23 5858

Measuring the fluorescence using a microscope and a camera

How to measure slippage of polymers ?

�T

�U

Reading mode

�V

�T

�D

�D

�V

�U
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Measuring the fluorescence using a microscope and a camera

How to measure slippage of polymers ?

After bleach

�V

�T

�D

�D

�V

�U
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How to measure slippage of polymers ?

�> 
L
�D �@�æ�á�Õ

�@�ç
F �@�æ�á�ç
F �@�æ�á�Õ

�V

�T

�D

Measuring the fluorescence using a microscope and a camera

After shearing

�D

�V

�U ds,b
dt-ds,t
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Slippage of polymers
General case :

�>

�8�e

�V
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Slippage of polymers
General case :

Orders of magnitude:

bwater/glass �§�������Q�P
�>

�8�e

�V
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Slippage of polymers
General case :

Orders of magnitude:

bwater/glass �§�������Q�P

bPDMS/glass �§���������—�P

�>

�8�e

�V
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�1�D�Y�L�H�U�¶�Vhypothesis
at the wall : �ê �V 
L �r 
L �G �8�Ú

Friction coefficient

Slippage of polymers
General case :

Orders of magnitude:

bwater/glass �§�������Q�P

bPDMS/glass �§���������—�P

�>

�8�e

�V
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�1�D�Y�L�H�U�¶�Vhypothesis
at the wall : �ê �V 
L �r 
L �G �8�Ú

Friction coefficient

Slippage of polymers
General case :

Orders of magnitude:

bwater/glass �§�������Q�P

bPDMS/glass �§���������—�P

�>

�8�e

�V
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�1�D�Y�L�H�U�¶�Vhypothesis
at the wall : �ê �V 
L �r 
L �G �8�Ú

Friction coefficient

Slippage of polymers
General case :

In the bulk : �ê �V 
L �ß�`�s�j�i
�ò�R
�ò�V


L �ß�`�s�j�i
�8�Ú
�>

Orders of magnitude:

bwater/glass �§�������Q�P

bPDMS/glass �§���������—�P

�>

�8�e

�V
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�1�D�Y�L�H�U�¶�Vhypothesis
at the wall : �ê �V 
L �r 
L �G �8�Ú

Friction coefficient

Slip length : �> 
L
�ß�`�s�j�i

�G

Slippage of polymers
General case :

In the bulk : �ê �V 
L �ß�`�s�j�i
�ò�R
�ò�V


L �ß�`�s�j�i
�8�Ú
�>

Orders of magnitude:

bwater/glass �§�������Q�P

bPDMS/glass �§���������—�P

�>

�8�e

�V
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�1�D�Y�L�H�U�¶�Vhypothesis
at the wall : �ê �V 
L �r 
L �G �8�Ú

Friction coefficient

Slip length : �> 
L
�ß�`�s�j�i

�G

Slippage of polymers
General case :

In the bulk : �ê �V 
L �ß�`�s�j�i
�ò�R
�ò�V


L �ß�`�s�j�i
�8�Ú
�>

de Gennes�¶���K�\�S�R�W�K�H�V�L�V������
k independent of N

Viscosity governed by entanglements. 
�ß �ß �0�7, N number of monomers per chainOrders of magnitude:

bwater/glass �§�������Q�P

bPDMS/glass �§���������—�P

�>

�8�e

�V
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�1�D�Y�L�H�U�¶�Vhypothesis
at the wall : �ê �V 
L �r 
L �G �8�Ú

Friction coefficient

Slip length : �> 
L
�ß�`�s�j�i

�G

Slippage of polymers
General case :

In the bulk : �ê �V 
L �ß�`�s�j�i
�ò�R
�ò�V


L �ß�`�s�j�i
�8�Ú
�>

de Gennes�¶���K�\�S�R�W�K�H�V�L�V������
k independent of N

Viscosity governed by entanglements. 
�ß �ß �0�7, N number of monomers per chainOrders of magnitude:

bwater/glass �§�������Q�P

bPDMS/glass �§���������—�P

�>

�8�e

�V
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�1�D�Y�L�H�U�¶�Vhypothesis
at the wall : �ê �V 
L �r 
L �G �8�Ú

Friction coefficient

Slip length : �> 
L
�ß�`�s�j�i

�G

Slippage of polymers
General case :

In the bulk : �ê �V 
L �ß�`�s�j�i
�ò�R
�ò�V


L �ß�`�s�j�i
�8�Ú
�>

�>�n�m�j�w�k�c�p
L �>�k�m�l�m�k�c�p�0�7

de Gennes�¶���K�\�S�R�W�K�H�V�L�V������
k independent of N

Viscosity governed by entanglements. 
�ß �ß �0�7, N number of monomers per chainOrders of magnitude:

bwater/glass �§�������Q�P

bPDMS/glass �§���������—�P

�>

�8�e

�V
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Temperature-Controlled Slip of Polymer Melts on Ideal 
Substrates

PDMS melt 685 kg.mol-1 on OTS and PDMS 2 kg.mol-1 grafted layer

b and �� measured, k deduced �1��and V measured, k deduced

�ê �V 
L �r 
L �G �8�> 
L
�ß�`�s�j�i

�G
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Temperature-Controlled Slip of Polymer Melts on Ideal 
Substrates

�ê �V 
L �r 
L �G �8


