
Rappel

Équation de Navier & Stokes:

Équation linéaire ⇒ solutions additives

Équation réversible dans le temps

Qui et al., Nature Communications (2014)

“Scallop theorem”
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Re ⌧ 1



Les écoulements à petit nombre de Reynolds

Les écoulements en 
couche mince et 

l’approximation de 
lubrification

Les forces sur les objets 
solides, la réversibilité 

cinématique et la 
propulsion à petit 

Reynolds

Pas d’inertie Navier-Stokes 
⌘�u = rp
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Équation de Stokes 



0,000000001 N
1 nN dans l’eau

Un monde de très petites forces dans l’eau et l’air
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Les forces sur un objet en mouvement : la sphère 

Deux sphères de rapport de diamètre égal à 2



Fluide immobile à l’infini Sphère immobile
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Vitesse de chute d’une sphère 



Les forces sur un objet en mouvement : un bâtonnet  

Deux bâtonnets identiques orientés perpendiculairement l’un de l’autre,
puis un bâtonnet incliné
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Forces sur un bâtonnet  incliné par rapport au mouvement



Chute d’une tige inclinée (calcul en bonus)
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T?
<latexit sha1_base64="dcT+rDOEGhGYuIQtCpmAkhubR3Q=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9SQBLx4jmAckS+idzCZjZmeWmVkhhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlApurO9/eyura+sbm4Wt4vbO7t5+6eCwYVSmKatTJZRuRWiY4JLVLbeCtVLNMIkEa0bD26nffGLacCUf7ChlYYJ9yWNO0Tqp0UGRDrBbKvsVfwayTIKclCFHrVv66vQUzRImLRVoTDvwUxuOUVtOBZsUO5lhKdIh9lnbUYkJM+F4du2EnDqlR2KlXUlLZurviTEmxoySyHUmaAdm0ZuK/3ntzMbX4ZjLNLNM0vmiOBPEKjJ9nfS4ZtSKkSNINXe3EjpAjdS6gIouhGDx5WXSOK8ElxX//qJcvcnjKMAxnMAZBHAFVbiDGtSBwiM8wyu8ecp78d69j3nripfPHMEfeJ8/i/OPGQ==</latexit>↵

<latexit sha1_base64="5fK3F8B+x+WHnuEBW6n+3nhzoVY=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqCcJePEYwTwgWULvZJIMmZ0dZmYDYclHePGgiFe/x5t/4yTZg0YLGoqqbrq7IiW4sb7/5RXW1jc2t4rbpZ3dvf2D8uFR0ySppqxBE5HodoSGCS5Zw3IrWFtphnEkWCsa38391oRpwxP5aKeKhTEOJR9witZJre4EtRrxXrniV/0FyF8S5KQCOeq98me3n9A0ZtJSgcZ0Al/ZMENtORVsVuqmhimkYxyyjqMSY2bCbHHujJw5pU8GiXYlLVmoPycyjI2ZxpHrjNGOzKo3F//zOqkd3IQZlyq1TNLlokEqiE3I/HfS55pRK6aOINXc3UroCDVS6xIquRCC1Zf/kuZFNbiq+g+XldptHkcRTuAUziGAa6jBPdShARTG8AQv8Oop79l7896XrQUvnzmGX/A+vgF7vI+n</latexit>' <latexit sha1_base64="wr7yS5KHj5Y2s2uGbZl+DJ90gMs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMWvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup36rSeujYjVI44T7kd0oEQoGEUrPTRueuWKW3VnIMvEy0kFctR75a9uP2ZpxBUySY3peG6CfkY1Cib5pNRNDU8oG9EB71iqaMSNn80unZATq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G3SF5ozlGNLKNPC3krYkGrK0IZTsiF4iy8vk+ZZ1buouvfnldp1HkcRjuAYTsGDS6jBHdShAQxCeIZXeHNGzovz7nzMWwtOPnMIf+B8/gA2Y40j</latexit>

U?

<latexit sha1_base64="ai4S2NPZ8f1sV6pqfq90oISe5zw=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgxbIrop6k4MVjBfsB3bXMptk2NJsNSbZSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL5ScaeO6305hZXVtfaO4Wdra3tndK+8fNHWSKkIbJOGJaoegKWeCNgwznLalohCHnLbC4e3Ub42o0iwRD2YsaRBDX7CIETBWevSBywGc+SNQcsC65YpbdWfAy8TLSQXlqHfLX34vIWlMhSEctO54rjRBBsowwumk5KeaSiBD6NOOpQJiqoNsdvUEn1ilh6NE2RIGz9TfExnEWo/j0HbGYAZ60ZuK/3md1ETXQcaETA0VZL4oSjk2CZ5GgHtMUWL42BIgitlbMRmAAmJsUCUbgrf48jJpnle9y6p7f1Gp3eRxFNEROkanyENXqIbuUB01EEEKPaNX9OY8OS/Ou/Mxby04+cwh+gPn8wd5pJJ8</latexit>↵� '

<latexit sha1_base64="losYgLK47UR3p8IDq8vecjEd0A4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqicpePFYwbSFNpTNdtMu3d2E3Y1QYv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyacaeO6305pbX1jc6u8XdnZ3ds/qB4etXWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyW3udx6p0iyWD2aa0EDgkWQRI9jkkj/oPw2qNbfuzoFWiVeQGhRoDapf/WFMUkGlIRxr3fPcxAQZVoYRTmeVfqppgskEj2jPUokF1UE2v3WGzqwyRFGsbEmD5urviQwLracitJ0Cm7Fe9nLxP6+Xmug6yJhMUkMlWSyKUo5MjPLH0ZApSgyfWoKJYvZWRMZYYWJsPBUbgrf88ippX9S9Rt29v6w1b4o4ynACp3AOHlxBE+6gBT4QGMMzvMKbI5wX5935WLSWnGLmGP7A+fwB+eSOLw==</latexit>

Uk
<latexit sha1_base64="/XIOPZHPsfvEii8lznu2arDVT00=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8lUREPUnBi8cKpi20oWy2m3btZjfsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8KBXcoOd9Oyura+sbm6Wt8vbO7t5+5eCwaVSmKQuoEkq3I2KY4JIFyFGwdqoZSSLBWtHoduq3npg2XMkHHKcsTMhA8phTglZqBr1upLBXqXo1bwZ3mfgFqUKBRq/y1e0rmiVMIhXEmI7vpRjmRCOngk3K3cywlNARGbCOpZIkzIT57NqJe2qVvhsrbUuiO1N/T+QkMWacRLYzITg0i95U/M/rZBhfhzmXaYZM0vmiOBMuKnf6utvnmlEUY0sI1dze6tIh0YSiDahsQ/AXX14mzfOaf1nz7i+q9ZsijhIcwwmcgQ9XUIc7aEAAFB7hGV7hzVHOi/PufMxbV5xi5gj+wPn8AXfPjww=</latexit>

U?

<latexit sha1_base64="jMWtnggrV++GX9yTyz87HPVw/BM=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV0R9SQFLx4r9AvapWTTbBubTZYkK5S1/8GLB0W8+n+8+W9M2z1o64OBx3szzMwLE8GN9bxvtLK6tr6xWdgqbu/s7u2XDg6bRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3Hpk2XMm6HScsiMlA8ohTYp3UrPey7tOkVyp7FW8GvEz8nJQhR61X+ur2FU1jJi0VxJiO7yU2yIi2nAo2KXZTwxJCR2TAOo5KEjMTZLNrJ/jUKX0cKe1KWjxTf09kJDZmHIeuMyZ2aBa9qfif10ltdB1kXCapZZLOF0WpwFbh6eu4zzWjVowdIVRzdyumQ6IJtS6gogvBX3x5mTTPK/5lxbu/KFdv8jgKcAwncAY+XEEV7qAGDaDwAM/wCm9IoRf0jj7mrSsonzmCP0CfP73gjzo=</latexit>

Tk
<latexit sha1_base64="dcT+rDOEGhGYuIQtCpmAkhubR3Q=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9SQBLx4jmAckS+idzCZjZmeWmVkhhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlApurO9/eyura+sbm4Wt4vbO7t5+6eCwYVSmKatTJZRuRWiY4JLVLbeCtVLNMIkEa0bD26nffGLacCUf7ChlYYJ9yWNO0Tqp0UGRDrBbKvsVfwayTIKclCFHrVv66vQUzRImLRVoTDvwUxuOUVtOBZsUO5lhKdIh9lnbUYkJM+F4du2EnDqlR2KlXUlLZurviTEmxoySyHUmaAdm0ZuK/3ntzMbX4ZjLNLNM0vmiOBPEKjJ9nfS4ZtSKkSNINXe3EjpAjdS6gIouhGDx5WXSOK8ElxX//qJcvcnjKMAxnMAZBHAFVbiDGtSBwiM8wyu8ecp78d69j3nripfPHMEfeJ8/i/OPGQ==</latexit>↵

équilibre forces horizontales
<latexit sha1_base64="xyBf9v9LnLnBNIEl6NCfTO1Ve0s=">AAACDHicbVDLSgMxFL3js9ZX1aWbYBFclRkRdaMU3Lis0Bd0hpJJM21oJhmSjFDGfoAbf8WNC0Xc+gHu/BvTdhbaeiBwOOdcbu4JE860cd1vZ2l5ZXVtvbBR3Nza3tkt7e03tUwVoQ0iuVTtEGvKmaANwwyn7URRHIectsLhzcRv3VOlmRR1M0poEOO+YBEj2FipWyrXu/4D8jUTPubJAKMrZJVQGuQTqWeaTbkVdwq0SLyclCFHrVv68nuSpDEVhnCsdcdzExNkWBlGOB0X/VTTBJMh7tOOpQLHVAfZ9JgxOrZKD0VS2ScMmqq/JzIcaz2KQ5uMsRnoeW8i/ud1UhNdBhkTSWqoILNFUcqRkWjSDOoxRYnhI0swUcz+FZEBVpgY21/RluDNn7xImqcV77zi3p2Vq9d5HQU4hCM4AQ8uoAq3UIMGEHiEZ3iFN+fJeXHenY9ZdMnJZw7gD5zPH5ePmrE=</latexit>

Tk sin↵ = T? cos↵
<latexit sha1_base64="lkYtc77jqR4AXjUqsHIskMr+OGk="></latexit>

tan↵ =
T?
Tk

=
c?⌘U?L

ck⌘UkL
= 2

U?
Uk

<latexit sha1_base64="he9pY3rqF7LI62/y3z7/5X8MIpo=">AAACEnicbVA9SwNBEN3zM8avqKXNYhBiYbgTURtFsLFUMCrkjmNus5cs2ds7ducC4cxvsPGv2FgoYmtl579xE1No9MEwj/dm2J0XZVIYdN1PZ2p6ZnZuvrRQXlxaXlmtrK1fmzTXjDdYKlN9G4HhUijeQIGS32aaQxJJfhN1z4b+TY9rI1J1hf2MBwm0lYgFA7RSWNnxYw2saIR+lOJg2O8Gxz6Cqvkgsw7QXb8HOuuInbBSdevuCPQv8cakSsa4CCsffitlecIVMgnGND03w6AAjYJJPij7ueEZsC60edNSBQk3QTE6aUC3rdKicaptKaQj9edGAYkx/SSykwlgx0x6Q/E/r5ljfBQUQmU5csW+H4pzSTGlw3xoS2jOUPYtAaaF/StlHbAZoU2xbEPwJk/+S6736t5B3b3cr56ejOMokU2yRWrEI4fklJyTC9IgjNyTR/JMXpwH58l5dd6+R6ec8c4G+QXn/QtGs53R</latexit>

U?
Uk

= tan(↵� ')

<latexit sha1_base64="mXXqkGzjK4Btp+0sOmP6PyWPfAs=">AAACTHicbVDPS8MwGE2nzjl/VT16CQ5hIhvtEPWiDLx4VHA6WMf4mqVbWJqWJB2Msj/Qiwdv/hVePCgimG09bM4Hgfe99z6SPD/mTGnHebNyK6tr+fXCRnFza3tn197bf1RRIgltkIhHsumDopwJ2tBMc9qMJYXQ5/TJH9xM/KchlYpF4kGPYtoOoSdYwAhoI3Vs4mkQZQ943IeTq9rchCveEGTcZxM5kEDS+WhlNmSJceqezruLZscuOVVnCrxM3IyUUIa7jv3qdSOShFRowkGpluvEup2C1IxwOi56iaIxkAH0aMtQASFV7XRaxhgfG6WLg0iaIzSeqvMbKYRKjULfJEPQffXXm4j/ea1EB5ftlIk40VSQ2UVBwrGO8KRZ3GWSEs1HhgCRzLwVkz6Y4rTpv2hKcP9+eZk81qruedW5PyvVr7M6CugQHaEyctEFqqNbdIcaiKBn9I4+0Zf1Yn1Y39bPLJqzsp0DtIBc/hdwa7MB</latexit>

tan(↵) = 2 tan(↵� ') = 2
tan(↵)� tan(')

1 + tan(↵) tan(')

<latexit sha1_base64="wzl1b0x9VG1DSErPDSdVl69NoLA=">AAACGnicbVDLSgMxFM34rPVVdekmWISKUGaKqBul4MZlBfuATi130kwbmskMSaZQhn6HG3/FjQtF3Ikb/8ZMOwttPRA495x7ubnHizhT2ra/raXlldW19dxGfnNre2e3sLffUGEsCa2TkIey5YGinAla10xz2ookhcDjtOkNb1K/OaJSsVDc63FEOwH0BfMZAW2kbsFxNYiSOwIZDdgJvsKuL4EkqeoCjwYwSSqnafVQyepuoWiX7SnwInEyUkQZat3Cp9sLSRxQoQkHpdqOHelOAlIzwukk78aKRkCG0KdtQwUEVHWS6WkTfGyUHvZDaZ7QeKr+nkggUGoceKYzAD1Q814q/ue1Y+1fdhImolhTQWaL/JhjHeI0J9xjkhLNx4YAkcz8FZMBmGy0STNvQnDmT14kjUrZOS/bd2fF6nUWRw4doiNUQg66QFV0i2qojgh6RM/oFb1ZT9aL9W59zFqXrGzmAP2B9fUD1cqgwA==</latexit>

tan(') =
tan↵

2 + tan2 ↵

<latexit sha1_base64="zjHxp+EipW5ItzO34HZa6EA2V1Q=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4Con4XCgFNy4r2Ac0MUym03bozCTMTIolFNz4K25cKOLWn3Dn3zhts9DWAxcO59zLvfdECaNKu+63NTe/sLi0XFgprq6tb2zaW9s1FacSkyqOWSwbEVKEUUGqmmpGGokkiEeM1KPe9civ94lUNBZ3epCQgKOOoG2KkTZSaO/6fSSTLg0zjh6Gl9C7cE7ufUwlhqFdch13DDhLvJyUQI5KaH/5rRinnAiNGVKq6bmJDjIkNcWMDIt+qkiCcA91SNNQgThRQTb+YQgPjNKC7ViaEhqO1d8TGeJKDXhkOjnSXTXtjcT/vGaq2+dBRkWSaiLwZFE7ZVDHcBQIbFFJsGYDQxCW1NwKcRdJhLWJrWhC8KZfniW1I8c7ddzb41L5Ko+jAPbAPjgEHjgDZXADKqAKMHgEz+AVvFlP1ov1bn1MWuesfGYH/IH1+QOjIpbY</latexit>

'max = 19.5� pour
<latexit sha1_base64="DjnQuDJsDhfxOE0fDdiDtBt1+J4=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXIVEqnWjFNy4rGAf0MQwmU7aoTOTMDMRSsjGX3HjQhG3foY7/8bpY6GtBy4czrmXe++JUkaVdt1va2l5ZXVtvbRR3tza3tm19/ZbKskkJk2csER2IqQIo4I0NdWMdFJJEI8YaUfDm7HffiRS0UTc61FKAo76gsYUI22k0D70EUsHKMx5cQXPq07twcdUYhjaFddxJ4CLxJuRCpihEdpffi/BGSdCY4aU6npuqoMcSU0xI0XZzxRJER6iPukaKhAnKsgnDxTwxCg9GCfSlNBwov6eyBFXasQj08mRHqh5byz+53UzHV8GORVpponA00VxxqBO4DgN2KOSYM1GhiAsqbkV4gGSCGuTWdmE4M2/vEhaZ4534bh31Ur9ehZHCRyBY3AKPFADdXALGqAJMCjAM3gFb9aT9WK9Wx/T1iVrNnMA/sD6/AED8ZVe</latexit>

↵m = 54.7�



<latexit sha1_base64="90t5yDxbGGK7FtrjJI1VoBfTydA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUvHis0C9oQ9lsN+3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2M72Z++4lrI2LVwEnC/YgOlQgFo2ilTqOf9YIYp/1yxa26c5BV4uWkAjnq/fJXbxCzNOIKmaTGdD03QT+jGgWTfFrqpYYnlI3pkHctVTTixs/m907JmVUGJIy1LYVkrv6eyGhkzCQKbGdEcWSWvZn4n9dNMbzxM6GSFLlii0VhKgnGZPY8GQjNGcqJJZRpYW8lbEQ1ZWgjKtkQvOWXV0nroupdVd2Hy0rtNo+jCCdwCufgwTXU4B7q0AQGEp7hFd6cR+fFeXc+Fq0FJ585hj9wPn8APZCQFw==</latexit>

T?

Vitesse de chute ?

<latexit sha1_base64="dcT+rDOEGhGYuIQtCpmAkhubR3Q=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9SQBLx4jmAckS+idzCZjZmeWmVkhhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlApurO9/eyura+sbm4Wt4vbO7t5+6eCwYVSmKatTJZRuRWiY4JLVLbeCtVLNMIkEa0bD26nffGLacCUf7ChlYYJ9yWNO0Tqp0UGRDrBbKvsVfwayTIKclCFHrVv66vQUzRImLRVoTDvwUxuOUVtOBZsUO5lhKdIh9lnbUYkJM+F4du2EnDqlR2KlXUlLZurviTEmxoySyHUmaAdm0ZuK/3ntzMbX4ZjLNLNM0vmiOBPEKjJ9nfS4ZtSKkSNINXe3EjpAjdS6gIouhGDx5WXSOK8ElxX//qJcvcnjKMAxnMAZBHAFVbiDGtSBwiM8wyu8ecp78d69j3nripfPHMEfeJ8/i/OPGQ==</latexit>↵

<latexit sha1_base64="5fK3F8B+x+WHnuEBW6n+3nhzoVY=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqCcJePEYwTwgWULvZJIMmZ0dZmYDYclHePGgiFe/x5t/4yTZg0YLGoqqbrq7IiW4sb7/5RXW1jc2t4rbpZ3dvf2D8uFR0ySppqxBE5HodoSGCS5Zw3IrWFtphnEkWCsa38391oRpwxP5aKeKhTEOJR9witZJre4EtRrxXrniV/0FyF8S5KQCOeq98me3n9A0ZtJSgcZ0Al/ZMENtORVsVuqmhimkYxyyjqMSY2bCbHHujJw5pU8GiXYlLVmoPycyjI2ZxpHrjNGOzKo3F//zOqkd3IQZlyq1TNLlokEqiE3I/HfS55pRK6aOINXc3UroCDVS6xIquRCC1Zf/kuZFNbiq+g+XldptHkcRTuAUziGAa6jBPdShARTG8AQv8Oop79l7896XrQUvnzmGX/A+vgF7vI+n</latexit>' <latexit sha1_base64="wr7yS5KHj5Y2s2uGbZl+DJ90gMs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMWvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup36rSeujYjVI44T7kd0oEQoGEUrPTRueuWKW3VnIMvEy0kFctR75a9uP2ZpxBUySY3peG6CfkY1Cib5pNRNDU8oG9EB71iqaMSNn80unZATq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G3SF5ozlGNLKNPC3krYkGrK0IZTsiF4iy8vk+ZZ1buouvfnldp1HkcRjuAYTsGDS6jBHdShAQxCeIZXeHNGzovz7nzMWwtOPnMIf+B8/gA2Y40j</latexit>

U?

<latexit sha1_base64="ai4S2NPZ8f1sV6pqfq90oISe5zw=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgxbIrop6k4MVjBfsB3bXMptk2NJsNSbZSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL5ScaeO6305hZXVtfaO4Wdra3tndK+8fNHWSKkIbJOGJaoegKWeCNgwznLalohCHnLbC4e3Ub42o0iwRD2YsaRBDX7CIETBWevSBywGc+SNQcsC65YpbdWfAy8TLSQXlqHfLX34vIWlMhSEctO54rjRBBsowwumk5KeaSiBD6NOOpQJiqoNsdvUEn1ilh6NE2RIGz9TfExnEWo/j0HbGYAZ60ZuK/3md1ETXQcaETA0VZL4oSjk2CZ5GgHtMUWL42BIgitlbMRmAAmJsUCUbgrf48jJpnle9y6p7f1Gp3eRxFNEROkanyENXqIbuUB01EEEKPaNX9OY8OS/Ou/Mxby04+cwh+gPn8wd5pJJ8</latexit>↵� '

<latexit sha1_base64="losYgLK47UR3p8IDq8vecjEd0A4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqicpePFYwbSFNpTNdtMu3d2E3Y1QYv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyacaeO6305pbX1jc6u8XdnZ3ds/qB4etXWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyW3udx6p0iyWD2aa0EDgkWQRI9jkkj/oPw2qNbfuzoFWiVeQGhRoDapf/WFMUkGlIRxr3fPcxAQZVoYRTmeVfqppgskEj2jPUokF1UE2v3WGzqwyRFGsbEmD5urviQwLracitJ0Cm7Fe9nLxP6+Xmug6yJhMUkMlWSyKUo5MjPLH0ZApSgyfWoKJYvZWRMZYYWJsPBUbgrf88ippX9S9Rt29v6w1b4o4ynACp3AOHlxBE+6gBT4QGMMzvMKbI5wX5935WLSWnGLmGP7A+fwB+eSOLw==</latexit>

Uk
<latexit sha1_base64="/XIOPZHPsfvEii8lznu2arDVT00=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8lUREPUnBi8cKpi20oWy2m3btZjfsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8KBXcoOd9Oyura+sbm6Wt8vbO7t5+5eCwaVSmKQuoEkq3I2KY4JIFyFGwdqoZSSLBWtHoduq3npg2XMkHHKcsTMhA8phTglZqBr1upLBXqXo1bwZ3mfgFqUKBRq/y1e0rmiVMIhXEmI7vpRjmRCOngk3K3cywlNARGbCOpZIkzIT57NqJe2qVvhsrbUuiO1N/T+QkMWacRLYzITg0i95U/M/rZBhfhzmXaYZM0vmiOBMuKnf6utvnmlEUY0sI1dze6tIh0YSiDahsQ/AXX14mzfOaf1nz7i+q9ZsijhIcwwmcgQ9XUIc7aEAAFB7hGV7hzVHOi/PufMxbV5xi5gj+wPn8AXfPjww=</latexit>

U?

<latexit sha1_base64="jMWtnggrV++GX9yTyz87HPVw/BM=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV0R9SQFLx4r9AvapWTTbBubTZYkK5S1/8GLB0W8+n+8+W9M2z1o64OBx3szzMwLE8GN9bxvtLK6tr6xWdgqbu/s7u2XDg6bRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3Hpk2XMm6HScsiMlA8ohTYp3UrPey7tOkVyp7FW8GvEz8nJQhR61X+ur2FU1jJi0VxJiO7yU2yIi2nAo2KXZTwxJCR2TAOo5KEjMTZLNrJ/jUKX0cKe1KWjxTf09kJDZmHIeuMyZ2aBa9qfif10ltdB1kXCapZZLOF0WpwFbh6eu4zzWjVowdIVRzdyumQ6IJtS6gogvBX3x5mTTPK/5lxbu/KFdv8jgKcAwncAY+XEEV7qAGDaDwAM/wCm9IoRf0jj7mrSsonzmCP0CfP73gjzo=</latexit>

Tk
<latexit sha1_base64="dcT+rDOEGhGYuIQtCpmAkhubR3Q=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9SQBLx4jmAckS+idzCZjZmeWmVkhhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlApurO9/eyura+sbm4Wt4vbO7t5+6eCwYVSmKatTJZRuRWiY4JLVLbeCtVLNMIkEa0bD26nffGLacCUf7ChlYYJ9yWNO0Tqp0UGRDrBbKvsVfwayTIKclCFHrVv66vQUzRImLRVoTDvwUxuOUVtOBZsUO5lhKdIh9lnbUYkJM+F4du2EnDqlR2KlXUlLZurviTEmxoySyHUmaAdm0ZuK/3ntzMbX4ZjLNLNM0vmiOBPEKjJ9nfS4ZtSKkSNINXe3EjpAjdS6gIouhGDx5WXSOK8ElxX//qJcvcnjKMAxnMAZBHAFVbiDGtSBwiM8wyu8ecp78d69j3nripfPHMEfeJ8/i/OPGQ==</latexit>↵

équilibre forces verticales
<latexit sha1_base64="pJgGa11X3VpwjxU5TS+HysJ2QOU="></latexit>

Tk cos↵+ T? sin↵ = ⇡a2�⇢Lg
<latexit sha1_base64="bJVn4EJobXs4JMe2WM6MR39HDro="></latexit>

Tk cos↵

✓
1 +

T?
Tk

tan↵

◆
= ⇡a2�⇢Lg

<latexit sha1_base64="HEc3adBfDo6bzVaM7EL9AODaoMM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUvHisYGuxCWWy3bRLN5uwuxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzwlRwbVz32ymtrK6tb5Q3K1vbO7t71f2Dtk4yRVmLJiJRnRA1E1yyluFGsE6qGMahYA/h6GbqPzwxpXki7804ZUGMA8kjTtFY6dE3KH0U6RB71Zpbd2cgy8QrSA0KNHvVL7+f0Cxm0lCBWnc9NzVBjspwKtik4meapUhHOGBdSyXGTAf57OIJObFKn0SJsiUNmam/J3KMtR7Hoe2M0Qz1ojcV//O6mYmugpzLNDNM0vmiKBPEJGT6PulzxagRY0uQKm5vJXSICqmxIVVsCN7iy8ukfVb3Luru3XmtcV3EUYYjOIZT8OASGnALTWgBBQnP8ApvjnZenHfnY95acoqZQ/gD5/MHoPeQ4A==</latexit>

tan↵
<latexit sha1_base64="ZWQ97QZyvrGXV8CBXV9TckJCMX8=">AAACG3icbVC7SgNBFJ31GeMramkzGASrsBtEbZSAFhYWEfKCTAx3J7PJkNmdZWZWCGv+w8ZfsbFQxEqw8G+cPApNPHDhcM693HuPHwuujet+OwuLS8srq5m17PrG5tZ2bme3pmWiKKtSKaRq+KCZ4BGrGm4Ea8SKQegLVvf7lyO/fs+U5jKqmEHMWiF0Ix5wCsZK7Vyx0iYPmAQKaOoNU0KlJiDiHgwxPsck5hjuiphcMWGAqJ7EN912Lu8W3DHwPPGmJI+mKLdzn6QjaRKyyFABWjc9NzatFJThVLBhliSaxUD70GVNSyMImW6l49+G+NAqHRxIZSsyeKz+nkgh1HoQ+rYzBNPTs95I/M9rJiY4a6U8ihPDIjpZFCQCG4lHQeEOV4waMbAEqOL2Vkx7YHMyNs6sDcGbfXme1IoF76Tg3h7nSxfTODJoHx2gI+ShU1RC16iMqoiiR/SMXtGb8+S8OO/Ox6R1wZnO7KE/cL5+ABK8oCg=</latexit>

Tk
1

cos↵
= ⇡a2�⇢Lg

<latexit sha1_base64="nw1cZyI3Sd68UZ/WKKpB5bqVqmI="></latexit>

Uk =
⇡a2�⇢g cos↵

ck⌘

<latexit sha1_base64="bK72bMJ2zk0111RFNb6npYkf2ms="></latexit>

ck⌘LUk = ⇡a2�⇢Lg cos↵

<latexit sha1_base64="DqM4WKZPhrhPopM6r7hdjCPB/cQ=">AAACI3icbZBNS8NAEIY3flu/qh69LBZBD5akiIpQEbx4VLAf0JQy2W7s4mYTdieFEvtfvPhXvHhQxIsH/4ubtgetDiy8vM8Ms/MGiRQGXffTmZmdm19YXFourKyurW8UN7fqJk414zUWy1g3AzBcCsVrKFDyZqI5RIHkjeD+MueNPtdGxOoWBwlvR3CnRCgYoLU6xbNaxw9ipFXqI6h9H2TSg0O/DzrpiQMLH6p+qIFlOR7TYVYZ5qBTLLlld1T0r/AmokQmdd0pvvvdmKURV8gkGNPy3ATbGWgUTPJhwU8NT4Ddwx1vWakg4qadjW4c0j3rdGkYa/sU0pH7cyKDyJhBFNjOCLBnpllu/sdaKYan7UyoJEWu2HhRmEqKMc0Do12hOUM5sAKYFvavlPXARoI21oINwZs++a+oV8recdm9OSpdnE/iWCI7ZJfsE4+ckAtyRa5JjTDySJ7JK3lznpwX5935GLfOOJOZbfKrnK9vFsaklw==</latexit>

U? = tan(↵� ')Uk =
tan↵

2
Uk

<latexit sha1_base64="HOWE7livt+5zhsqu6XmvD8GiKxE="></latexit>

U =

✓
1 +

tan2 ↵

4

◆1/2
⇡a2�⇢g cos↵

ck⌘

Chute d’une tige inclinée (calcul en bonus)



G. I. Taylor 

Réversibilité cinématique et propulsion



Le théorème de la coquille St Jacques

14

1 seul degré de liberté :
réversibilité imposée

2 degrés de liberté :
possibilité de briser la 

symétrie +t/-t

E. Purcell, life at low 
Reynolds number

Qui et al., Nature Communications (2014)
“Scallop theorem”



Escherischia Coli





Mouvement collectif des cils



A l’autre bout du spectre en nombre de Reynolds

La notion de couche limite

Écoulements rotationnels et irrotationnels

Écoulements potentiels et loi de Bernoulli



Développement d’une couche limite sur une plaque plane mise en 
mouvement



Développement d’une couche limite sur une plaque plane mise en 
mouvement



<latexit sha1_base64="fjyuZZ61kGpAquhN+51B+tKV09w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeCF48tmLbQhrLZTtu1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJS8epYuizWMSqE1KNgkv0DTcCO4lCGoUC2+Hkbu63n1BpHssHM00wiOhI8iFn1Fip6ffLFbfqLkDWiZeTCuRo9MtfvUHM0gilYYJq3fXcxAQZVYYzgbNSL9WYUDahI+xaKmmEOsgWh87IhVUGZBgrW9KQhfp7IqOR1tMotJ0RNWO96s3F/7xuaoa3QcZlkhqUbLlomApiYjL/mgy4QmbE1BLKFLe3EjamijJjsynZELzVl9dJ66rqXVfdZq1Sr+VxFOEMzuESPLiBOtxDA3xggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDraGMzQ==</latexit>

� ⇠
r

⌘

⇢
t

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

⇢
U

t
⇠ ⌘

U

�2
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Navier Stokes

Épaisseur de couche de 
diffusion de la quantité de 

mouvement

⇢
@ux

@t
= ⌘

@2ux

@y2
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



<latexit sha1_base64="fjyuZZ61kGpAquhN+51B+tKV09w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeCF48tmLbQhrLZTtu1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJS8epYuizWMSqE1KNgkv0DTcCO4lCGoUC2+Hkbu63n1BpHssHM00wiOhI8iFn1Fip6ffLFbfqLkDWiZeTCuRo9MtfvUHM0gilYYJq3fXcxAQZVYYzgbNSL9WYUDahI+xaKmmEOsgWh87IhVUGZBgrW9KQhfp7IqOR1tMotJ0RNWO96s3F/7xuaoa3QcZlkhqUbLlomApiYjL/mgy4QmbE1BLKFLe3EjamijJjsynZELzVl9dJ66rqXVfdZq1Sr+VxFOEMzuESPLiBOtxDA3xggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDraGMzQ==</latexit>

La même expérience du point de vue de la vorticité

! = r^ u
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

!z =
@uy

@x
� @ux

@y
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

@!z

@t
= ⌫

@2!z

@y2
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

!z
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

!z ⇠ 0
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

rotationnel

irrotationnel

Navier Stokes (ici)



<latexit sha1_base64="fjyuZZ61kGpAquhN+51B+tKV09w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeCF48tmLbQhrLZTtu1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJS8epYuizWMSqE1KNgkv0DTcCO4lCGoUC2+Hkbu63n1BpHssHM00wiOhI8iFn1Fip6ffLFbfqLkDWiZeTCuRo9MtfvUHM0gilYYJq3fXcxAQZVYYzgbNSL9WYUDahI+xaKmmEOsgWh87IhVUGZBgrW9KQhfp7IqOR1tMotJ0RNWO96s3F/7xuaoa3QcZlkhqUbLlomApiYjL/mgy4QmbE1BLKFLe3EjamijJjsynZELzVl9dJ66rqXVfdZq1Sr+VxFOEMzuESPLiBOtxDA3xggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDraGMzQ==</latexit>

<latexit sha1_base64="1JQpeDpuFEkFWksB06epzF4gFdI=">AAACBXicbVA9TwJBEN3zE/Hr1FKLjcQEG7xTEi1JbCwx8YCEI2RvWWDD3t65O2cgFxob/4qNhcbY+h/s/DcucIWCL5nk5b2ZzMwLYsE1OM63tbS8srq2ntvIb25t7+zae/s1HSWKMo9GIlKNgGgmuGQecBCsEStGwkCwejC4nvj1B6Y0j+QdjGLWCklP8i6nBIzUto/8DhNAisNTX/MQ+/peQerLBA/PvHHbLjglZwq8SNyMFFCGatv+8jsRTUImgQqiddN1YmilRAGngo3zfqJZTOiA9FjTUElCplvp9IsxPjFKB3cjZUoCnqq/J1ISaj0KA9MZEujreW8i/uc1E+hetVIu4wSYpLNF3URgiPAkEtzhilEQI0MIVdzcimmfKELBBJc3IbjzLy+S2nnJvSg5t+VCpZzFkUOH6BgVkYsuUQXdoCryEEWP6Bm9ojfryXqx3q2PWeuSlc0coD+wPn8A56KYJA==</latexit>

Développement d’une couche limite sur une plaque plane

td ⇠ �2

⌫
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

tc ⇠
x

U
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



<latexit sha1_base64="fjyuZZ61kGpAquhN+51B+tKV09w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeCF48tmLbQhrLZTtu1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJS8epYuizWMSqE1KNgkv0DTcCO4lCGoUC2+Hkbu63n1BpHssHM00wiOhI8iFn1Fip6ffLFbfqLkDWiZeTCuRo9MtfvUHM0gilYYJq3fXcxAQZVYYzgbNSL9WYUDahI+xaKmmEOsgWh87IhVUGZBgrW9KQhfp7IqOR1tMotJ0RNWO96s3F/7xuaoa3QcZlkhqUbLlomApiYjL/mgy4QmbE1BLKFLe3EjamijJjsynZELzVl9dJ66rqXVfdZq1Sr+VxFOEMzuESPLiBOtxDA3xggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDraGMzQ==</latexit>

<latexit sha1_base64="1JQpeDpuFEkFWksB06epzF4gFdI=">AAACBXicbVA9TwJBEN3zE/Hr1FKLjcQEG7xTEi1JbCwx8YCEI2RvWWDD3t65O2cgFxob/4qNhcbY+h/s/DcucIWCL5nk5b2ZzMwLYsE1OM63tbS8srq2ntvIb25t7+zae/s1HSWKMo9GIlKNgGgmuGQecBCsEStGwkCwejC4nvj1B6Y0j+QdjGLWCklP8i6nBIzUto/8DhNAisNTX/MQ+/peQerLBA/PvHHbLjglZwq8SNyMFFCGatv+8jsRTUImgQqiddN1YmilRAGngo3zfqJZTOiA9FjTUElCplvp9IsxPjFKB3cjZUoCnqq/J1ISaj0KA9MZEujreW8i/uc1E+hetVIu4wSYpLNF3URgiPAkEtzhilEQI0MIVdzcimmfKELBBJc3IbjzLy+S2nnJvSg5t+VCpZzFkUOH6BgVkYsuUQXdoCryEEWP6Bm9ojfryXqx3q2PWeuSlc0coD+wPn8A56KYJA==</latexit>

!z ⇠ 0
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

rotationnel

irrotationnel

En dehors de la couche limite :
la viscosité ne joue pas de rôle, l’écoulement est irrotationnel

Dans la couche limite :
la viscosité joue un rôle, l’écoulement est rotationnel

�(L) ⇠
!

⌫L

U
= L

!
⌫

UL
= L Re! 1/ 2

L
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

ReL ! 1 "
! (L )

L
# 1

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>


