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Motivation: Drug delivery
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Capsules (closed polymeric gel membrane)

Liposomes (closed lipid membrane)

Core-shell reservoir

S. Seiffert et al., J. Am. Chem. Soc. (2010)

Internal fluid
+

Encapsulated drug 
molecules

membrane
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Shell

Motivation: Drug-carrier micro-particles
Fluid-filled deformable micro-particles
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Biomedical applications:
• Targeted and controlled drug release from particles
• Contrast-agent release from liposomes for MRI 
• Oxygen uptake and delivery by red blood cells 
• B12 vitamin uptake by particles in an artificial liver

Fluid-filled deformable micro-particles

Mass transport 
of active agents

Closed lipid membranes

Motivation: Drug-carrier micro-particles



Blood flow 
direction

Blood vessel
Red blood cell

Liposome / Capsule  
(a closed membrane)
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Problem statement

2D computer simulations
Multiphysics problem: 
Biofluid mechanics + Fluid-structure interaction+ Transport phenomena
Polydisperse suspension
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One-way 
coupling

Fluid
Blood plasma

(flow)

Mass transfer
Drug molecules

(diffusion and advection)

Flow and mass transfer solver
Lattice-Boltzmann Method

2D computer simulations: flow and mass transfer

Kaoui, Phys. Rev. E 95, 063310 (2017)
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Re = 1
Reynolds number

Re = 80

Re = 180

Unsteady mass transfer from a core-shell cylinder
Steady laminar flow

Steady laminar flow with recirculations

Unsteady flow with von Kármán vortex street

Bielinski, Le,  Kaoui, Phys. Rev. Fluids 6 (2), 023501 (2021)
Kaoui, Phys. Rev. E 95, 063310 (2017)

Flow Re =
Ud

⌫
<latexit sha1_base64="iHXsjywMgpP2bmJBYTo4kJSOfDw=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5KooBeh6MVjFdMWmlA2m027dHcTdjdCCcGLf8WLB0W8+iu8+W/ctjlo64OBx3szzMwLU0aVdpxva2FxaXlltbJWXd/Y3Nq2d3ZbKskkJh5OWCI7IVKEUUE8TTUjnVQSxENG2uHweuy3H4hUNBH3epSSgKO+oDHFSBupZ+/nvuTwjhTwEvqxRDj3oiL3RVb07JpTdyaA88QtSQ2UaPbsLz9KcMaJ0Jghpbquk+ogR1JTzEhR9TNFUoSHqE+6hgrEiQryyQsFPDJKBONEmhIaTtTfEzniSo14aDo50gM1643F/7xupuOLIKcizTQReLoozhjUCRznASMqCdZsZAjCkppbIR4gE4Q2qVVNCO7sy/OkdVJ3T+vO7VmtcVXGUQEH4BAcAxecgwa4AU3gAQwewTN4BW/Wk/VivVsf09YFq5zZA39gff4AzV2XDg==</latexit>



Re = 1

Re = 80

Re = 180

Steady mass transfer from a simple cylinder

Flow

8Bielinski, Le,  Kaoui, Phys. Rev. Fluids 6 (2), 023501 (2021)



Cylinders in crossflow: Classical studies

Steady and uniform boundary conditions

or

Reynolds number Schmidt number2 control parameters:

Sh = 0.3 +
0.62Re1/2Sc1/3
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<latexit sha1_base64="LMqbGIcKtoiR3nAGIFAFfaRh7kg="></latexit>

ScRe � 0.2
<latexit sha1_base64="W6/kWBjJ/Duh+N5Sl8qS8WHb7vM=">AAACBnicbZDLSsNAFIYn9VbjLepShMEiuJCSVEGXRTcu66UXaEKZTE/aoZOLMxOhhKzc+CpuXCji1mdw59uYpF1o6w8DH/85hzPndyPOpDLNb620sLi0vFJe1dfWNza3jO2dlgxjQaFJQx6KjkskcBZAUzHFoRMJIL7Loe2OLvN6+wGEZGFwp8YROD4ZBMxjlKjM6hn7iS18fEtT+7igG0ixPYB7bFZrut4zKmbVLITnwZpCBU3V6Blfdj+ksQ+BopxI2bXMSDkJEYpRDqluxxIiQkdkAN0MA+KDdJLijBQfZk4fe6HIXqBw4f6eSIgv5dh3s06fqKGcreXmf7VurLxzJ2FBFCsI6GSRF3OsQpxngvtMAFV8nAGhgmV/xXRIBKEqSy4PwZo9eR5atap1UjWvTyv1i2kcZbSHDtARstAZqqMr1EBNRNEjekav6E170l60d+1j0lrSpjO76I+0zx8Ql5bn</latexit>

Sh = cRemScn
<latexit sha1_base64="m4FGwIVhqSKfm7ZyA/YmoAeqH1c=">AAACFnicbVDLSgMxFM3UV62vUZdugkVwY5lRQTdC0Y3L+ugD2mnJpGkbmmSGJCOUYb7Cjb/ixoUibsWdf2OmHUVbDwROzrmXe+/xQ0aVdpxPKzc3v7C4lF8urKyurW/Ym1s1FUQSkyoOWCAbPlKEUUGqmmpGGqEkiPuM1P3hRerX74hUNBC3ehQSj6O+oD2KkTZSxz6ALY70QPL4ZpDAM4i/v9ckacc8+XFx0haFjl10Ss4YcJa4GSmCDJWO/dHqBjjiRGjMkFJN1wm1FyOpKWYkKbQiRUKEh6hPmoYKxIny4vFZCdwzShf2Amme0HCs/u6IEVdqxH1TmW6ppr1U/M9rRrp36sVUhJEmAk8G9SIGdQDTjGCXSoI1GxmCsKRmV4gHSCKsTZJpCO70ybOkdlhyj0rO1XGxfJ7FkQc7YBfsAxecgDK4BBVQBRjcg0fwDF6sB+vJerXeJqU5K+vZBn9gvX8BzaCfxw==</latexit>• Hilpert:

• Churchill-Bernstein:

Hilpert, Forschung auf dem Gebiet des Ingenieurwesens A (1933)

Churchill & Bernstein, J. Heat Transfer. ASME (1977)

Existing correlations for the Sherwood number: Sh = f(Re, Sc)
<latexit sha1_base64="/NC9jQrVuQ0qJOAtNaXnPL7Oa2g=">AAACCHicbVDLSgMxFM3UV62vUZcuDBahgpQZFXQjFN24rI8+oB1KJs20oUlmSDJCGWbpxl9x40IRt36CO//GdDoLrR64cHLOveTe40eMKu04X1Zhbn5hcam4XFpZXVvfsDe3miqMJSYNHLJQtn2kCKOCNDTVjLQjSRD3GWn5o8uJ37onUtFQ3OlxRDyOBoIGFCNtpJ69m3Qlh7fDFJ7DoJI9bkh6OFVxetCzy07VyQD/EjcnZZCj3rM/u/0Qx5wIjRlSquM6kfYSJDXFjKSlbqxIhPAIDUjHUIE4UV6SHZLCfaP0YRBKU0LDTP05kSCu1Jj7ppMjPVSz3kT8z+vEOjjzEiqiWBOBpx8FMYM6hJNUYJ9KgjUbG4KwpGZXiIdIIqxNdiUTgjt78l/SPKq6x1Xn+qRcu8jjKIIdsAcqwAWnoAauQB00AAYP4Am8gFfr0Xq23qz3aWvByme2wS9YH9+L/Jhk</latexit>

Re =
Ud

⌫
<latexit sha1_base64="iHXsjywMgpP2bmJBYTo4kJSOfDw=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5KooBeh6MVjFdMWmlA2m027dHcTdjdCCcGLf8WLB0W8+iu8+W/ctjlo64OBx3szzMwLU0aVdpxva2FxaXlltbJWXd/Y3Nq2d3ZbKskkJh5OWCI7IVKEUUE8TTUjnVQSxENG2uHweuy3H4hUNBH3epSSgKO+oDHFSBupZ+/nvuTwjhTwEvqxRDj3oiL3RVb07JpTdyaA88QtSQ2UaPbsLz9KcMaJ0Jghpbquk+ogR1JTzEhR9TNFUoSHqE+6hgrEiQryyQsFPDJKBONEmhIaTtTfEzniSo14aDo50gM1643F/7xupuOLIKcizTQReLoozhjUCRznASMqCdZsZAjCkppbIR4gE4Q2qVVNCO7sy/OkdVJ3T+vO7VmtcVXGUQEH4BAcAxecgwa4AU3gAQwewTN4BW/Wk/VivVsf09YFq5zZA39gff4AzV2XDg==</latexit>

Sc =
⌫

Df
<latexit sha1_base64="Ut2LTLJtALBkY5HFgVwETWEpWI4=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUlU0I1Q1IXLivYBTQiT6aQdOpmEmYlQhmzc+CtuXCji1n9w5984bbPQ1gMXDufcy733hCmjUjnOt1VaWFxaXimvVtbWNza37O2dlkwygUkTJywRnRBJwignTUUVI51UEBSHjLTD4dXYbz8QIWnC79UoJX6M+pxGFCNlpMDe156I4R3O4QX0IoGw9niW6+tAR3ke2FWn5kwA54lbkCoo0AjsL6+X4CwmXGGGpOy6Tqp8jYSimJG84mWSpAgPUZ90DeUoJtLXky9yeGiUHowSYYorOFF/T2gUSzmKQ9MZIzWQs95Y/M/rZio69zXlaaYIx9NFUcagSuA4EtijgmDFRoYgLKi5FeIBMlkoE1zFhODOvjxPWsc196Tm3J5W65dFHGWwBw7AEXDBGaiDG9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPSieYcw==</latexit>

cs = constant
<latexit sha1_base64="mPrEJvtS5HhHCmVz3dPv0wWOFRE=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSFXQjFN24rGAv0IYwmU7boZNJmDkRSgi48VXcuFDErS/hzrdxmmahrT8MfPznHM6cP4gF1+A431ZpaXllda28XtnY3NresXf3WjpKFGVNGolIdQKimeCSNYGDYJ1YMRIGgrWD8c203n5gSvNI3sMkZl5IhpIPOCVgLN8+oH7aUyHWGb7COdFIaiASMt+uOjUnF14Et4AqKtTw7a9eP6JJyCRQQbTuuk4MXkoUcCpYVuklmsWEjsmQdQ1KEjLtpfkNGT42Th8PImWeBJy7vydSEmo9CQPTGRIY6fna1Pyv1k1gcOmlXMYJMElniwaJwBDhaSC4zxWjICYGCFXc/BXTEVGEgomtYkJw509ehNZpzT2rOXfn1fp1EUcZHaIjdIJcdIHq6BY1UBNR9Iie0St6s56sF+vd+pi1lqxiZh/9kfX5A4dYl3M=</latexit>

's = constant
<latexit sha1_base64="hdx919FCWmTULjVpJc1umiwX+QI=">AAACCnicbZDLSsNAFIYnXmu9RV26GS2Cq5KooBuh6MZlBXuBJpTJdNIOnUzCzEmhhK7d+CpuXCji1idw59s4TbPQ1h8GPv5zDmfOHySCa3Ccb2tpeWV1bb20Ud7c2t7Ztff2mzpOFWUNGotYtQOimeCSNYCDYO1EMRIFgrWC4e203hoxpXksH2CcMD8ifclDTgkYq2sfeSOikgHH3cxTEdYTfI1zorHUQCRMunbFqTq58CK4BVRQoXrX/vJ6MU0jJoEKonXHdRLwM6KAU8EmZS/VLCF0SPqsY1CSiGk/y0+Z4BPj9HAYK/Mk4Nz9PZGRSOtxFJjOiMBAz9em5n+1TgrhlZ9xmaTAJJ0tClOBIcbTXHCPK0ZBjA0Qqrj5K6YDoggFk17ZhODOn7wIzbOqe1517i8qtZsijhI6RMfoFLnoEtXQHaqjBqLoET2jV/RmPVkv1rv1MWtdsoqZA/RH1ucP2LWaXA==</latexit>
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Cylinders in crossflow: Present study

𝛿 Unteady and non-uniform boundary conditions

's = f(✓, t)
<latexit sha1_base64="GoO4T5IeEiVt1aYWeWlNQIVUva4=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQQUqigm6EohuXFewDmhAm00k7dPJg5qZQQndu/BU3LhRx6y+482+ctllo64ELh3Pu5d57/ERwBZb1bRSWlldW14rrpY3Nre0dc3evqeJUUtagsYhl2yeKCR6xBnAQrJ1IRkJfsJY/uJ34rSGTisfRA4wS5oakF/GAUwJa8sxDZ0hk0ufYyxwZYjXG1zioONBnQE7hxDPLVtWaAi8SOydllKPumV9ON6ZpyCKggijVsa0E3IxI4FSwcclJFUsIHZAe62gakZApN5v+McbHWuniIJa6IsBT9fdERkKlRqGvO0MCfTXvTcT/vE4KwZWb8ShJgUV0tihIBYYYT0LBXS4ZBTHShFDJ9a2Y9okkFHR0JR2CPf/yImmeVe3zqnV/Ua7d5HEU0QE6QhVko0tUQ3eojhqIokf0jF7Rm/FkvBjvxsestWDkM/voD4zPH06NmEo=</latexit>

cs = f(✓, t)
<latexit sha1_base64="iOOLs6QStZJ39XeDvgMYM+Kxdjw=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUEFKooJuhKIblxXsA5oQJtNJO3TyYOZGKCEbf8WNC0Xc+hnu/BunbRbaeuDC4Zx7ufcePxFcgWV9G6Wl5ZXVtfJ6ZWNza3vH3N1rqziVlLVoLGLZ9YligkesBRwE6yaSkdAXrOOPbid+55FJxePoAcYJc0MyiHjAKQEteeYB9TJHhljl+BoHNQeGDMgpnHhm1apbU+BFYhekigo0PfPL6cc0DVkEVBCleraVgJsRCZwKllecVLGE0BEZsJ6mEQmZcrPpAzk+1kofB7HUFQGeqr8nMhIqNQ593RkSGKp5byL+5/VSCK7cjEdJCiyis0VBKjDEeJIG7nPJKIixJoRKrm/FdEgkoaAzq+gQ7PmXF0n7rG6f1637i2rjpoijjA7REaohG12iBrpDTdRCFOXoGb2iN+PJeDHejY9Za8koZvbRHxifPwVDlWE=</latexit>

or

Reynolds number Schmidt number3 control parameters:

Re =
Ud

⌫
<latexit sha1_base64="iHXsjywMgpP2bmJBYTo4kJSOfDw=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5KooBeh6MVjFdMWmlA2m027dHcTdjdCCcGLf8WLB0W8+iu8+W/ctjlo64OBx3szzMwLU0aVdpxva2FxaXlltbJWXd/Y3Nq2d3ZbKskkJh5OWCI7IVKEUUE8TTUjnVQSxENG2uHweuy3H4hUNBH3epSSgKO+oDHFSBupZ+/nvuTwjhTwEvqxRDj3oiL3RVb07JpTdyaA88QtSQ2UaPbsLz9KcMaJ0Jghpbquk+ogR1JTzEhR9TNFUoSHqE+6hgrEiQryyQsFPDJKBONEmhIaTtTfEzniSo14aDo50gM1643F/7xupuOLIKcizTQReLoozhjUCRznASMqCdZsZAjCkppbIR4gE4Q2qVVNCO7sy/OkdVJ3T+vO7VmtcVXGUQEH4BAcAxecgwa4AU3gAQwewTN4BW/Wk/VivVsf09YFq5zZA39gff4AzV2XDg==</latexit>

Sc =
⌫

Df
<latexit sha1_base64="Ut2LTLJtALBkY5HFgVwETWEpWI4=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUlU0I1Q1IXLivYBTQiT6aQdOpmEmYlQhmzc+CtuXCji1n9w5984bbPQ1gMXDufcy733hCmjUjnOt1VaWFxaXimvVtbWNza37O2dlkwygUkTJywRnRBJwignTUUVI51UEBSHjLTD4dXYbz8QIWnC79UoJX6M+pxGFCNlpMDe156I4R3O4QX0IoGw9niW6+tAR3ke2FWn5kwA54lbkCoo0AjsL6+X4CwmXGGGpOy6Tqp8jYSimJG84mWSpAgPUZ90DeUoJtLXky9yeGiUHowSYYorOFF/T2gUSzmKQ9MZIzWQs95Y/M/rZio69zXlaaYIx9NFUcagSuA4EtijgmDFRoYgLKi5FeIBMlkoE1zFhODOvjxPWsc196Tm3J5W65dFHGWwBw7AEXDBGaiDG9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPSieYcw==</latexit>

Shell

Permeability

p =
Ds

�
<latexit sha1_base64="0H1mB/E4BHNGOnCSd7MsJMJQN78=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUj6diEUdeGygn1AE8JkOmmHTh7MTIQSAm78FTcuFHHrT7jzb5w+BBU9cOFwzr3ce48XMyqkaX5ouaXlldW1/HphY3Nre0ff3euIKOGYtHHEIt7zkCCMhqQtqWSkF3OCAo+Rrje+mPrdW8IFjcIbOYmJE6BhSH2KkVSSqx/EZ7bPEU4v3dTmARRZltoDwiTKXL1oGqeNSq1ahaZRNmulSkkRq1qvN2rQMswZimCBlqu/24MIJwEJJWZIiL5lxtJJEZcUM5IV7ESQGOExGpK+oiEKiHDS2Q8ZPFbKAPoRVxVKOFO/T6QoEGISeKozQHIkfntT8S+vn0i/4aQ0jBNJQjxf5CcMyghOA4EDygmWbKIIwpyqWyEeIRWJVLEVVAhfn8L/SadkWGXDvK4Um+eLOPLgEByBE2CBOmiCK9ACbYDBHXgAT+BZu9cetRftdd6a0xYz++AHtLdPBN+YbQ==</latexit>

(Ds, �)
<latexit sha1_base64="3hd4Pw1ppdrByifKwHcifOFKqJ8=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBEqSEj6dlfUhcsK9gFNCJPJtB06eTAzEUvIr7hxoYhbf8Sdf+P0IajogQuHc+7l3nu8mFEhTfNDW1ldW9/YzG3lt3d29/b1g0JXRAnHpIMjFvG+hwRhNCQdSSUj/ZgTFHiM9LzJ5czv3REuaBTeymlMnACNQjqkGEkluXqhdOWmNg+gyM5snzCJTl29aBrnzWq9VoOmUTHr5WpZEavWaDTr0DLMOYpgibarv9t+hJOAhBIzJMTAMmPppIhLihnJ8nYiSIzwBI3IQNEQBUQ46fz2DJ4oxYfDiKsKJZyr3ydSFAgxDTzVGSA5Fr+9mfiXN0jksOmkNIwTSUK8WDRMGJQRnAUBfcoJlmyqCMKcqlshHiOOsFRx5VUIX5/C/0m3bFgVw7ypFlsXyzhy4AgcgxKwQAO0wDVogw7A4B48gCfwrGXao/aivS5aV7TlzCH4Ae3tE104lAU=</latexit>



11

Cylinders in crossflow: Present study

𝛿 Unteady and non-uniform boundary conditions

's = f(✓, t)
<latexit sha1_base64="GoO4T5IeEiVt1aYWeWlNQIVUva4=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQQUqigm6EohuXFewDmhAm00k7dPJg5qZQQndu/BU3LhRx6y+482+ctllo64ELh3Pu5d57/ERwBZb1bRSWlldW14rrpY3Nre0dc3evqeJUUtagsYhl2yeKCR6xBnAQrJ1IRkJfsJY/uJ34rSGTisfRA4wS5oakF/GAUwJa8sxDZ0hk0ufYyxwZYjXG1zioONBnQE7hxDPLVtWaAi8SOydllKPumV9ON6ZpyCKggijVsa0E3IxI4FSwcclJFUsIHZAe62gakZApN5v+McbHWuniIJa6IsBT9fdERkKlRqGvO0MCfTXvTcT/vE4KwZWb8ShJgUV0tihIBYYYT0LBXS4ZBTHShFDJ9a2Y9okkFHR0JR2CPf/yImmeVe3zqnV/Ua7d5HEU0QE6QhVko0tUQ3eojhqIokf0jF7Rm/FkvBjvxsestWDkM/voD4zPH06NmEo=</latexit>

cs = f(✓, t)
<latexit sha1_base64="iOOLs6QStZJ39XeDvgMYM+Kxdjw=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUEFKooJuhKIblxXsA5oQJtNJO3TyYOZGKCEbf8WNC0Xc+hnu/BunbRbaeuDC4Zx7ufcePxFcgWV9G6Wl5ZXVtfJ6ZWNza3vH3N1rqziVlLVoLGLZ9YligkesBRwE6yaSkdAXrOOPbid+55FJxePoAcYJc0MyiHjAKQEteeYB9TJHhljl+BoHNQeGDMgpnHhm1apbU+BFYhekigo0PfPL6cc0DVkEVBCleraVgJsRCZwKllecVLGE0BEZsJ6mEQmZcrPpAzk+1kofB7HUFQGeqr8nMhIqNQ593RkSGKp5byL+5/VSCK7cjEdJCiyis0VBKjDEeJIG7nPJKIixJoRKrm/FdEgkoaAzq+gQ7PmXF0n7rG6f1637i2rjpoijjA7REaohG12iBrpDTdRCFOXoGb2iN+PJeDHejY9Za8koZvbRHxifPwVDlWE=</latexit>

or

Reynolds number Schmidt number3 control parameters:

Re =
Ud

⌫
<latexit sha1_base64="iHXsjywMgpP2bmJBYTo4kJSOfDw=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5KooBeh6MVjFdMWmlA2m027dHcTdjdCCcGLf8WLB0W8+iu8+W/ctjlo64OBx3szzMwLU0aVdpxva2FxaXlltbJWXd/Y3Nq2d3ZbKskkJh5OWCI7IVKEUUE8TTUjnVQSxENG2uHweuy3H4hUNBH3epSSgKO+oDHFSBupZ+/nvuTwjhTwEvqxRDj3oiL3RVb07JpTdyaA88QtSQ2UaPbsLz9KcMaJ0Jghpbquk+ogR1JTzEhR9TNFUoSHqE+6hgrEiQryyQsFPDJKBONEmhIaTtTfEzniSo14aDo50gM1643F/7xupuOLIKcizTQReLoozhjUCRznASMqCdZsZAjCkppbIR4gE4Q2qVVNCO7sy/OkdVJ3T+vO7VmtcVXGUQEH4BAcAxecgwa4AU3gAQwewTN4BW/Wk/VivVsf09YFq5zZA39gff4AzV2XDg==</latexit>

Sc =
⌫

Df
<latexit sha1_base64="Ut2LTLJtALBkY5HFgVwETWEpWI4=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUlU0I1Q1IXLivYBTQiT6aQdOpmEmYlQhmzc+CtuXCji1n9w5984bbPQ1gMXDufcy733hCmjUjnOt1VaWFxaXimvVtbWNza37O2dlkwygUkTJywRnRBJwignTUUVI51UEBSHjLTD4dXYbz8QIWnC79UoJX6M+pxGFCNlpMDe156I4R3O4QX0IoGw9niW6+tAR3ke2FWn5kwA54lbkCoo0AjsL6+X4CwmXGGGpOy6Tqp8jYSimJG84mWSpAgPUZ90DeUoJtLXky9yeGiUHowSYYorOFF/T2gUSzmKQ9MZIzWQs95Y/M/rZio69zXlaaYIx9NFUcagSuA4EtijgmDFRoYgLKi5FeIBMlkoE1zFhODOvjxPWsc196Tm3J5W65dFHGWwBw7AEXDBGaiDG9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPSieYcw==</latexit>

Shell

Permeability

p =
Ds

�
<latexit sha1_base64="0H1mB/E4BHNGOnCSd7MsJMJQN78=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUj6diEUdeGygn1AE8JkOmmHTh7MTIQSAm78FTcuFHHrT7jzb5w+BBU9cOFwzr3ce48XMyqkaX5ouaXlldW1/HphY3Nre0ff3euIKOGYtHHEIt7zkCCMhqQtqWSkF3OCAo+Rrje+mPrdW8IFjcIbOYmJE6BhSH2KkVSSqx/EZ7bPEU4v3dTmARRZltoDwiTKXL1oGqeNSq1ahaZRNmulSkkRq1qvN2rQMswZimCBlqu/24MIJwEJJWZIiL5lxtJJEZcUM5IV7ESQGOExGpK+oiEKiHDS2Q8ZPFbKAPoRVxVKOFO/T6QoEGISeKozQHIkfntT8S+vn0i/4aQ0jBNJQjxf5CcMyghOA4EDygmWbKIIwpyqWyEeIRWJVLEVVAhfn8L/SadkWGXDvK4Um+eLOPLgEByBE2CBOmiCK9ACbYDBHXgAT+BZu9cetRftdd6a0xYz++AHtLdPBN+YbQ==</latexit>

(Ds, �)
<latexit sha1_base64="3hd4Pw1ppdrByifKwHcifOFKqJ8=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBEqSEj6dlfUhcsK9gFNCJPJtB06eTAzEUvIr7hxoYhbf8Sdf+P0IajogQuHc+7l3nu8mFEhTfNDW1ldW9/YzG3lt3d29/b1g0JXRAnHpIMjFvG+hwRhNCQdSSUj/ZgTFHiM9LzJ5czv3REuaBTeymlMnACNQjqkGEkluXqhdOWmNg+gyM5snzCJTl29aBrnzWq9VoOmUTHr5WpZEavWaDTr0DLMOYpgibarv9t+hJOAhBIzJMTAMmPppIhLihnJ8nYiSIzwBI3IQNEQBUQ46fz2DJ4oxYfDiKsKJZyr3ydSFAgxDTzVGSA5Fr+9mfiXN0jksOmkNIwTSUK8WDRMGJQRnAUBfcoJlmyqCMKcqlshHiOOsFRx5VUIX5/C/0m3bFgVw7ypFlsXyzhy4AgcgxKwQAO0wDVogw7A4B48gCfwrGXao/aivS5aV7TlzCH4Ae3tE104lAU=</latexit>

What is then the resulting correlation? 

Sh = f(Re, Sc,P)
<latexit sha1_base64="TrwpJ3lnov8od03FtpIPN4V+7+8=">AAACDnicbZDLSgMxFIYzXmu9jbp0EyyFClJmVNCNUHTjsl56gXYomTTThiaZIckIZZgncOOruHGhiFvX7nwb0+kstPWHwMd/zuHk/H7EqNKO820tLC4tr6wW1orrG5tb2/bOblOFscSkgUMWyraPFGFUkIammpF2JAniPiMtf3Q1qbceiFQ0FPd6HBGPo4GgAcVIG6tnl5Ou5PBumF4ElQxvSXo09XAO9fSwZ5ecqpMJzoObQwnkqvfsr24/xDEnQmOGlOq4TqS9BElNMSNpsRsrEiE8QgPSMSgQJ8pLsnNSWDZOHwahNE9omLm/JxLElRpz33RypIdqtjYx/6t1Yh2cewkVUayJwNNFQcygDuEkG9inkmDNxgYQltT8FeIhkghrk2DRhODOnjwPzeOqe1J1bk5Ltcs8jgLYBwegAlxwBmrgGtRBA2DwCJ7BK3iznqwX6936mLYuWPnMHvgj6/MHnhKbLw==</latexit>

P =
d

Df
p

<latexit sha1_base64="kk1AQXk16Ti+nKR+wABuKQPwv+U=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4KokKuhGKunBZwT6gCWEynbRDZyZhZiKUkI0bf8WNC0Xc+g/u/BunaRbaeuDC4Zx7ufeeMGFUacf5thYWl5ZXVitr1fWNza1te2e3reJUYtLCMYtlN0SKMCpIS1PNSDeRBPGQkU44up74nQciFY3FvR4nxOdoIGhEMdJGCuyDzJMcNvNLL5IIZ/08uwkKKcrzJLBrTt0pAOeJW5IaKNEM7C+vH+OUE6ExQ0r1XCfRfoakppiRvOqliiQIj9CA9AwViBPlZ8UXOTwySh9GsTQlNCzU3xMZ4kqNeWg6OdJDNetNxP+8XqqjCz+jIkk1EXi6KEoZ1DGcRAL7VBKs2dgQhCU1t0I8RCYObYKrmhDc2ZfnSfuk7p7WnbuzWuOqjKMC9sEhOAYuOAcNcAuaoAUweATP4BW8WU/Wi/VufUxbF6xyZg/8gfX5A8NTmL0=</latexit>
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𝛿 Unteady and non-uniform boundary conditions

's = f(✓, t)
<latexit sha1_base64="GoO4T5IeEiVt1aYWeWlNQIVUva4=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQQUqigm6EohuXFewDmhAm00k7dPJg5qZQQndu/BU3LhRx6y+482+ctllo64ELh3Pu5d57/ERwBZb1bRSWlldW14rrpY3Nre0dc3evqeJUUtagsYhl2yeKCR6xBnAQrJ1IRkJfsJY/uJ34rSGTisfRA4wS5oakF/GAUwJa8sxDZ0hk0ufYyxwZYjXG1zioONBnQE7hxDPLVtWaAi8SOydllKPumV9ON6ZpyCKggijVsa0E3IxI4FSwcclJFUsIHZAe62gakZApN5v+McbHWuniIJa6IsBT9fdERkKlRqGvO0MCfTXvTcT/vE4KwZWb8ShJgUV0tihIBYYYT0LBXS4ZBTHShFDJ9a2Y9okkFHR0JR2CPf/yImmeVe3zqnV/Ua7d5HEU0QE6QhVko0tUQ3eojhqIokf0jF7Rm/FkvBjvxsestWDkM/voD4zPH06NmEo=</latexit>

cs = f(✓, t)
<latexit sha1_base64="iOOLs6QStZJ39XeDvgMYM+Kxdjw=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUEFKooJuhKIblxXsA5oQJtNJO3TyYOZGKCEbf8WNC0Xc+hnu/BunbRbaeuDC4Zx7ufcePxFcgWV9G6Wl5ZXVtfJ6ZWNza3vH3N1rqziVlLVoLGLZ9YligkesBRwE6yaSkdAXrOOPbid+55FJxePoAcYJc0MyiHjAKQEteeYB9TJHhljl+BoHNQeGDMgpnHhm1apbU+BFYhekigo0PfPL6cc0DVkEVBCleraVgJsRCZwKllecVLGE0BEZsJ6mEQmZcrPpAzk+1kofB7HUFQGeqr8nMhIqNQ593RkSGKp5byL+5/VSCK7cjEdJCiyis0VBKjDEeJIG7nPJKIixJoRKrm/FdEgkoaAzq+gQ7PmXF0n7rG6f1637i2rjpoijjA7REaohG12iBrpDTdRCFOXoGb2iN+PJeDHejY9Za8koZvbRHxifPwVDlWE=</latexit>

or

Reynolds number Schmidt number3 control parameters:

Re =
Ud

⌫
<latexit sha1_base64="iHXsjywMgpP2bmJBYTo4kJSOfDw=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5KooBeh6MVjFdMWmlA2m027dHcTdjdCCcGLf8WLB0W8+iu8+W/ctjlo64OBx3szzMwLU0aVdpxva2FxaXlltbJWXd/Y3Nq2d3ZbKskkJh5OWCI7IVKEUUE8TTUjnVQSxENG2uHweuy3H4hUNBH3epSSgKO+oDHFSBupZ+/nvuTwjhTwEvqxRDj3oiL3RVb07JpTdyaA88QtSQ2UaPbsLz9KcMaJ0Jghpbquk+ogR1JTzEhR9TNFUoSHqE+6hgrEiQryyQsFPDJKBONEmhIaTtTfEzniSo14aDo50gM1643F/7xupuOLIKcizTQReLoozhjUCRznASMqCdZsZAjCkppbIR4gE4Q2qVVNCO7sy/OkdVJ3T+vO7VmtcVXGUQEH4BAcAxecgwa4AU3gAQwewTN4BW/Wk/VivVsf09YFq5zZA39gff4AzV2XDg==</latexit>

Sc =
⌫

Df
<latexit sha1_base64="Ut2LTLJtALBkY5HFgVwETWEpWI4=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUlU0I1Q1IXLivYBTQiT6aQdOpmEmYlQhmzc+CtuXCji1n9w5984bbPQ1gMXDufcy733hCmjUjnOt1VaWFxaXimvVtbWNza37O2dlkwygUkTJywRnRBJwignTUUVI51UEBSHjLTD4dXYbz8QIWnC79UoJX6M+pxGFCNlpMDe156I4R3O4QX0IoGw9niW6+tAR3ke2FWn5kwA54lbkCoo0AjsL6+X4CwmXGGGpOy6Tqp8jYSimJG84mWSpAgPUZ90DeUoJtLXky9yeGiUHowSYYorOFF/T2gUSzmKQ9MZIzWQs95Y/M/rZio69zXlaaYIx9NFUcagSuA4EtijgmDFRoYgLKi5FeIBMlkoE1zFhODOvjxPWsc196Tm3J5W65dFHGWwBw7AEXDBGaiDG9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPSieYcw==</latexit>

Shell

Permeability

p =
Ds

�
<latexit sha1_base64="0H1mB/E4BHNGOnCSd7MsJMJQN78=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUj6diEUdeGygn1AE8JkOmmHTh7MTIQSAm78FTcuFHHrT7jzb5w+BBU9cOFwzr3ce48XMyqkaX5ouaXlldW1/HphY3Nre0ff3euIKOGYtHHEIt7zkCCMhqQtqWSkF3OCAo+Rrje+mPrdW8IFjcIbOYmJE6BhSH2KkVSSqx/EZ7bPEU4v3dTmARRZltoDwiTKXL1oGqeNSq1ahaZRNmulSkkRq1qvN2rQMswZimCBlqu/24MIJwEJJWZIiL5lxtJJEZcUM5IV7ESQGOExGpK+oiEKiHDS2Q8ZPFbKAPoRVxVKOFO/T6QoEGISeKozQHIkfntT8S+vn0i/4aQ0jBNJQjxf5CcMyghOA4EDygmWbKIIwpyqWyEeIRWJVLEVVAhfn8L/SadkWGXDvK4Um+eLOPLgEByBE2CBOmiCK9ACbYDBHXgAT+BZu9cetRftdd6a0xYz++AHtLdPBN+YbQ==</latexit>

(Ds, �)
<latexit sha1_base64="3hd4Pw1ppdrByifKwHcifOFKqJ8=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBEqSEj6dlfUhcsK9gFNCJPJtB06eTAzEUvIr7hxoYhbf8Sdf+P0IajogQuHc+7l3nu8mFEhTfNDW1ldW9/YzG3lt3d29/b1g0JXRAnHpIMjFvG+hwRhNCQdSSUj/ZgTFHiM9LzJ5czv3REuaBTeymlMnACNQjqkGEkluXqhdOWmNg+gyM5snzCJTl29aBrnzWq9VoOmUTHr5WpZEavWaDTr0DLMOYpgibarv9t+hJOAhBIzJMTAMmPppIhLihnJ8nYiSIzwBI3IQNEQBUQ46fz2DJ4oxYfDiKsKJZyr3ydSFAgxDTzVGSA5Fr+9mfiXN0jksOmkNIwTSUK8WDRMGJQRnAUBfcoJlmyqCMKcqlshHiOOsFRx5VUIX5/C/0m3bFgVw7ypFlsXyzhy4AgcgxKwQAO0wDVogw7A4B48gCfwrGXao/aivS5aV7TlzCH4Ae3tE104lAU=</latexit>

What is then the resulting correlation? 

Sh = f(Re, Sc,P)
<latexit sha1_base64="TrwpJ3lnov8od03FtpIPN4V+7+8=">AAACDnicbZDLSgMxFIYzXmu9jbp0EyyFClJmVNCNUHTjsl56gXYomTTThiaZIckIZZgncOOruHGhiFvX7nwb0+kstPWHwMd/zuHk/H7EqNKO820tLC4tr6wW1orrG5tb2/bOblOFscSkgUMWyraPFGFUkIammpF2JAniPiMtf3Q1qbceiFQ0FPd6HBGPo4GgAcVIG6tnl5Ou5PBumF4ElQxvSXo09XAO9fSwZ5ecqpMJzoObQwnkqvfsr24/xDEnQmOGlOq4TqS9BElNMSNpsRsrEiE8QgPSMSgQJ8pLsnNSWDZOHwahNE9omLm/JxLElRpz33RypIdqtjYx/6t1Yh2cewkVUayJwNNFQcygDuEkG9inkmDNxgYQltT8FeIhkghrk2DRhODOnjwPzeOqe1J1bk5Ltcs8jgLYBwegAlxwBmrgGtRBA2DwCJ7BK3iznqwX6936mLYuWPnMHvgj6/MHnhKbLw==</latexit>

P =
d

Df
p

<latexit sha1_base64="kk1AQXk16Ti+nKR+wABuKQPwv+U=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4KokKuhGKunBZwT6gCWEynbRDZyZhZiKUkI0bf8WNC0Xc+g/u/BunaRbaeuDC4Zx7ufeeMGFUacf5thYWl5ZXVitr1fWNza1te2e3reJUYtLCMYtlN0SKMCpIS1PNSDeRBPGQkU44up74nQciFY3FvR4nxOdoIGhEMdJGCuyDzJMcNvNLL5IIZ/08uwkKKcrzJLBrTt0pAOeJW5IaKNEM7C+vH+OUE6ExQ0r1XCfRfoakppiRvOqliiQIj9CA9AwViBPlZ8UXOTwySh9GsTQlNCzU3xMZ4kqNeWg6OdJDNetNxP+8XqqjCz+jIkk1EXi6KEoZ1DGcRAL7VBKs2dgQhCU1t0I8RCYObYKrmhDc2ZfnSfuk7p7WnbuzWuOqjKMC9sEhOAYuOAcNcAuaoAUweATP4BW8WU/Wi/VufUxbF6xyZg/8gfX5A8NTmL0=</latexit>
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Sh vs Re: Impact of the flow regime

Re = 21 128
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1st Step: Dependency of Sh on Re and Sc

The presence of the shell shifts Sh upwards to larger values

14Bielinski, Le,  Kaoui, Phys. Rev. Fluids 6 (2), 023501 (2021)



1st Step: Dependency of Sh on Re and Sc

Linear fit to extract the Reynolds and Schmidt exponents

Sh = c(P)Re0.43Sc0.40
<latexit sha1_base64="vpKZ116BH7XpSzXJi3PNxIUAHPA=">AAACHHicbVDLSgMxFM3UV62vUZdugkWomyFjC7oRim5c1kcf0I4lk2ba0MyDJCOUYT7Ejb/ixoUiblwI/o3pTBfaeiDk3HPPJbnHjTiTCqFvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbHl9N++4EKycLgTk0i6vh4GDCPEay01DerSU/48HaUwnNIKlnRSI+z+4am9wmyatU095C8RGnfLCMLZYCLxJ6RMpih0Tc/e4OQxD4NFOFYyq6NIuUkWChGOE1LvVjSCJMxHtKupgH2qXSSbLkUHmllAL1Q6BMomKm/JxLsSznxXe30sRrJ+d5U/K/XjZV35iQsiGJFA5I/5MUcqhBOk4IDJihRfKIJJoLpv0IywgITpfMs6RDs+ZUXSevEsqsWuq6V6xezOIrgAByCCrDBKaiDK9AATUDAI3gGr+DNeDJejHfjI7cWjNnMPvgD4+sHnl2f0w==</latexit>

15Bielinski, Le,  Kaoui, Phys. Rev. Fluids 6 (2), 023501 (2021)



2nd Step: Sh correlation as a function of P

Co
rr

el
at

io
n 

pr
ef

ac
to

r𝑐
(P
)

Shell solute permeability

Shell-to-fluid diffusivity ratio

Sh = 1.99P�0.40Re0.43Sc0.40
<latexit sha1_base64="ALeeXgOKgTRScMdNXNEVVRfhuwc=">AAACJXicbVDLSgMxFM34rPU16tJNsAhuHDK2oAWFohuX1doHtLVk0kwbmnmQZIQyzM+48VfcuLCI4MpfMZ3OQlsvBM7jXm7ucULOpELoy1haXlldW89t5De3tnd2zb39hgwiQWidBDwQLQdLyplP64opTluhoNhzOG06o5up33yiQrLAf1DjkHY9PPCZywhWWuqZl3FHeLA2TOAVtK1yOaXV5DE+RVYJJSm9p5prWpzRGplRlPTMArJQWnAR2BkogKyqPXPS6Qck8qivCMdStm0Uqm6MhWKE0yTfiSQNMRnhAW1r6GOPym6cXpnAY630oRsI/XwFU/X3RIw9Kceeozs9rIZy3puK/3ntSLkX3Zj5YaSoT2aL3IhDFcBpZLDPBCWKjzXARDD9V0iGWGCidLB5HYI9f/IiaJxZdtFCd6VC5TqLIwcOwRE4ATY4BxVwC6qgDgh4Bq/gHUyMF+PN+DA+Z61LRjZzAP6U8f0DFt2ijw==</latexit>

16Bielinski, Le,  Kaoui, Phys. Rev. Fluids 6 (2), 023501 (2021)



• Core-shell reservoirs involve unsteady and non-uniform concentration 
and mass flux at the cylinder surface, in contrast to classical studies,

• Decreasing the shell solute permeability shrinks the concentration 
boundary layer, and consequently increases the Sherwood number,

• A correlation for cylindrical core-shell reservoirs, highlighting the shell
solute permeability, is proposed for the first time.

Conclusions of the 1st part

Sh = 1.99P�0.40Re0.43Sc0.40
<latexit sha1_base64="ALeeXgOKgTRScMdNXNEVVRfhuwc=">AAACJXicbVDLSgMxFM34rPU16tJNsAhuHDK2oAWFohuX1doHtLVk0kwbmnmQZIQyzM+48VfcuLCI4MpfMZ3OQlsvBM7jXm7ucULOpELoy1haXlldW89t5De3tnd2zb39hgwiQWidBDwQLQdLyplP64opTluhoNhzOG06o5up33yiQrLAf1DjkHY9PPCZywhWWuqZl3FHeLA2TOAVtK1yOaXV5DE+RVYJJSm9p5prWpzRGplRlPTMArJQWnAR2BkogKyqPXPS6Qck8qivCMdStm0Uqm6MhWKE0yTfiSQNMRnhAW1r6GOPym6cXpnAY630oRsI/XwFU/X3RIw9Kceeozs9rIZy3puK/3ntSLkX3Zj5YaSoT2aL3IhDFcBpZLDPBCWKjzXARDD9V0iGWGCidLB5HYI9f/IiaJxZdtFCd6VC5TqLIwcOwRE4ATY4BxVwC6qgDgh4Bq/gHUyMF+PN+DA+Z61LRjZzAP6U8f0DFt2ijw==</latexit>

10  Re  180
<latexit sha1_base64="FUp8CAfBjNYgXkPByuejg233wGw=">AAACAHicbVC7SgNBFJ2NrxhfqxYWNoNBsAqzKpgyaGMZxTwgu4TZyU0yZPbBzKwQlm38FRsLRWz9DDv/xslmC008cOHMOfcy9x4/FlxpQr6t0srq2vpGebOytb2zu2fvH7RVlEgGLRaJSHZ9qkDwEFqaawHdWAINfAEdf3Iz8zuPIBWPwgc9jcEL6CjkQ86oNlLfPnIIdgXg1JUBvocsfzh10rerpEZy4GXiFKSKCjT79pc7iFgSQKiZoEr1HBJrL6VScyYgq7iJgpiyCR1Bz9CQBqC8ND8gw6dGGeBhJE2FGufq74mUBkpNA990BlSP1aI3E//zeoke1r2Uh3GiIWTzj4aJwDrCszTwgEtgWkwNoUxysytmYyop0yazignBWTx5mbTPa85FjdxdVhvXRRxldIxO0Bly0BVqoFvURC3EUIae0St6s56sF+vd+pi3lqxi5hD9gfX5A40FlHE=</latexit>

0.66  P  6.67
<latexit sha1_base64="bIQeLsimEossVyyQIcaF66kZNHQ=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWwVVIVFKXRTcuK9gLNKFMptN26MwkzEyEEoobX8WNC0Xc+hTufBunaRba+sPAx3/O4cz5o4RRpV332yqtrK6tb5Q3K1vbO7t79v5BS8WpxKSJYxbLToQUYVSQpqaakU4iCeIRI+1ofDOrtx+IVDQW93qSkJCjoaADipE2Vs8+ch3fhwEjMAskh41pzr7j13p21XXcXHAZvAKqoFCjZ38F/RinnAiNGVKq67mJDjMkNcWMTCtBqkiC8BgNSdegQJyoMMtPmMJT4/ThIJbmCQ1z9/dEhrhSEx6ZTo70SC3WZuZ/tW6qB1dhRkWSaiLwfNEgZVDHcJYH7FNJsGYTAwhLav4K8QhJhLVJrWJC8BZPXobWueNdOO7dZbV+XcRRBsfgBJwBD9RAHdyCBmgCDB7BM3gFb9aT9WK9Wx/z1pJVzByCP7I+fwA3zZS/</latexit>

1  Sc  25
<latexit sha1_base64="oCI1E6SIpwpPkqjjYb45CwMHba8=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJWkKnosevFY0bZCE8pmO2mX7iZhdyOUUPCvePGgiFd/hzf/jds0B219MPD2vRl25gUJZ0o7zrdVWlpeWV0rr1c2Nre2d+zdvbaKU0mhRWMey4eAKOAsgpZmmsNDIoGIgEMnGF1P/c4jSMXi6F6PE/AFGUQsZJRoI/XsAxd7HHDmSYHv6CR/1M97dtWpOTnwInELUkUFmj37y+vHNBUQacqJUl3XSbSfEakZ5TCpeKmChNARGUDX0IgIUH6Wrz/Bx0bp4zCWpiKNc/X3REaEUmMRmE5B9FDNe1PxP6+b6vDSz1iUpBoiOvsoTDnWMZ5mgftMAtV8bAihkpldMR0SSag2iVVMCO78yYukXa+5pzXn9qzauCriKKNDdIROkIsuUAPdoCZqIYoy9Ixe0Zv1ZL1Y79bHrLVkFTP76A+szx+h7ZP6</latexit>

B = 0.5
<latexit sha1_base64="bSArk1kmIrT950spHYGgBr40HuQ=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgadn1gV6EEC8eI5gHJEuYncwmQ2Zm15nZQFjyHV48KOLVj/Hm3zhJ9qDRgoaiqpvurjDhTBvP+3IKK6tr6xvFzdLW9s7uXnn/oKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqd+a0xVZrF8sFMEhoIPJAsYgQbKwVZVwlUm6Ib5LmXvXLFc7050F/i56QCOeq98me3H5NUUGkIx1p3fC8xQYaVYYTTaambappgMsID2rFUYkF1kM2PnqITq/RRFCtb0qC5+nMiw0LriQhtp8BmqJe9mfif10lNdB1kTCapoZIsFkUpRyZGswRQnylKDJ9Ygoli9lZEhlhhYmxOJRuCv/zyX9I8c/1z17u/qFRreRxFOIJjOAUfrqAKd1CHBhB4hCd4gVdn7Dw7b877orXg5DOH8AvOxzeM85Cj</latexit>
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Core-shell electrospun fibers for controlled release

Possible applications

Hollow-fiber artificial lung technology
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One-way 
coupling

Two-way 
coupling

Fluid
Blood plasma

(flow)

Mass transfer
Drug molecules

(diffusion and advection)

Structure
Drug carrier + RBCs

(motion and deformation)

Fluid-structure interaction
Immersed Boundary Method

2D computer simulations: FSI
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One-way 
coupling

Fluid
Blood plasma

(flow)

Mass transfer
Drug molecules

(diffusion and advection)

Structure
Drug carrier + RBCs

(motion and deformation)

Deformation solver
Finite Difference Method

2D computer simulations: structure deformation

Two-way 
coupling
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Fluid
Blood plasma

(flow)

Mass transfer
Drug molecules

(diffusion and advection)

Structure
Drug carrier + RBCs

(motion and deformation)

Continuity in the concentration 
and the mass flux at the boundaries 

2D computer simulations: FSI + Mass transport

Extremely large permeability 
of the particles to the drug Two-way 

coupling

One-way 
coupling

P ! 1
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Applied shear flow + Collective motion of particles = Complex flow

Re = 0.1 Sc = 103

Kaoui, Eur. Phys. J. E 41, 20 (2018)

Red blood cells

Drug release

Liposome

Results: Drug molecules spatial distribution
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Previous studies: Only margination effect

D'Apolito et al., Journal of Controlled Release 217 (2015) Mueller et al., Scientific Reports (2014)

Only fluid-structure interaction, 
without mass transfer (i.e. no drug release and 
transport)
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Previous studies: Only margination effect

D'Apolito et al., Journal of Controlled Release 217 (2015) Mueller et al., Scientific Reports (2014)

Only fluid-structure interaction, 
without mass transfer (i.e. no drug release and 
transport)
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One-way 
coupling

Fluid
Blood plasma

(flow)

Mass transfer
Drug molecules

(diffusion and advection)

Structure
Drug carrier + RBCs

(motion and deformation)

Unsteady jump boundary condition 

Restricted permeability

2D computer simulations: FSI + Mass transport

Two-way 
coupling

P 6= 0
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Jump boundary condition

@⌦
Membrane

n

J · n = �P (cout � cin)
Permeability

Mass flux
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Forcing term



Under static conditions Under flow conditions
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Results: Solute release from a fluid-filled particle
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Complex geometry: Vascular system

Manzoor et al., Cancer Research (2012)

Release of doxorubicin (anticancer drug) in the bloodstream 
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Complex geometry: Vascular system

Dewhirst & Secomb, Nature Reviews Cancer (2017)

Release of doxorubicin (anticancer drug) in the bloodstream 
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Only drug-carrier particles

Complex geometry: Vascular system

In Silico In Vivo

Manzoor et al. Cancer Research (2012)

Release of doxorubicin (anticancer drug) in the bloodstream 

Preliminary results



• The flow enhances the drug release: convection effect
• Red blood cells alter the released drug distribution in the 

blood vessel
• A new numerical tool to study and predict the impact of the 

plasma flow and red blood cells on drug mass transport in the 
bloodstream

• A new numerical tool to model solute mass transport across 
membranes with finite permeability: unsteady jump BCs

34

Conclusions of the 2nd part



Sherwood number : dimensionless mass transfer coefficient (eq. Nusselt number)

Channel wall

Fluid flow

Core-shell cylinder

Local mass transfer coefficient

Dimensionless mass transfer coefficient

Average Sherwood number

Scaled time

Schmidt number

Sc =
⌫

Df
= 5
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