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Transport phenomena

1. From mass to heat and viscous stress transport

mass:

<latexit sha1_base64="NmzG/YNxNU0biGIygV6jEWN4V0Y=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48RjQPSJYwO5lNhszOLjO9Qgj5BC8eFPHqF3nzb5wkK6hoQUNR1U13V5BIYdB1P5zc0vLK6lp+vbCxubW9U9zda5o41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRlczv3XPtRGxusNxwv2IDpQIBaNopVvW83rFklt25yDfyKnrXVQ94mVKCTLUe8X3bj9macQVMkmN6Xhugv6EahRM8mmhmxqeUDaiA96xVNGIG38yP3VKjqzSJ2GsbSkkc/X7xIRGxoyjwHZGFIfmtzcT//I6KYbn/kSoJEWu2GJRmEqCMZn9TfpCc4ZybAllWthbCRtSTRnadAo2hK9Pyf+keVL2quXKTaVUu8ziyMMBHMIxeHAGNbiGOjSAwQAe4AmeHek8Oi/O66I152Qz+/ADztsnC+CNpA==</latexit>c1
<latexit sha1_base64="qlxpEhIuzwOJ9vIRp1Ad+QKdTMA=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU9kttSp4KHjxWNF+QLuUbJptQ5PskmSFsvQnePGgiFd/kTf/jWm7QhV9MPB4b4aZeUHMmTau++nkVlbX1jfym4Wt7Z3dveL+QUtHiSK0SSIeqU6ANeVM0qZhhtNOrCgWAaftYHw989sPVGkWyXsziakv8FCykBFsrHRH+pV+seSW3TnQEjlzvcuah7xMKUGGRr/40RtEJBFUGsKx1l3PjY2fYmUY4XRa6CWaxpiM8ZB2LZVYUO2n81On6MQqAxRGypY0aK4uT6RYaD0Rge0U2Iz0b28m/uV1ExNe+CmTcWKoJItFYcKRidDsbzRgihLDJ5Zgopi9FZERVpgYm07BhvD9KfqftCplr1au3lZL9assjjwcwTGcggfnUIcbaEATCAzhEZ7hxeHOk/PqvC1ac042cwg/4Lx/AQ1kjaU=</latexit>c2

<latexit sha1_base64="JEf+P7qFBipDPRGcUw2+xUB5QPk=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48JmAekCxhdrY3GTP7YGZWCCFf4MWDIl79JG/+jZNkhSha0FBUddPd5SWCK23bn1ZuZXVtfSO/Wdja3tndK+4ftFScSoZNFotYdjyqUPAIm5prgZ1EIg09gW1vdDPz2w8oFY+jOz1O0A3pIOIBZ1QbqeH3iyW7bM9Blsi57VxVHeJkSgky1PvFj54fszTESDNBleo6dqLdCZWaM4HTQi9VmFA2ogPsGhrREJU7mR86JSdG8UkQS1ORJnN1eWJCQ6XGoWc6Q6qH6rc3E//yuqkOLt0Jj5JUY8QWi4JUEB2T2dfE5xKZFmNDKJPc3ErYkErKtMmmYEL4/pT8T1pnZadarjQqpdp1FkcejuAYTsGBC6jBLdShCQwQHuEZXqx768l6td4WrTkrmzmEH7DevwDoF40B</latexit>

d

<latexit sha1_base64="cNpb9GSVQVn+lpe62TdBxgjC9tg="></latexit>

@c

@t
+ u ·rc = D�c+ r

source/sink 
eg: chemical reaction

Diffusion

Convection

<latexit sha1_base64="/LWFHWNsw8wy2Khnmhuk1+D9xK0="></latexit>

jd = �Drc ! �D
c2 � c1

d

<latexit sha1_base64="StPntqtwOKaBp+UwR/wc7CotGkY=">AAAB/3icdVDLSsNAFJ3UV62vqODGzWARXEhJpFYFhYIblxXsA5pQJtNJO3YyCTMTocQs/BU3LhRx62+482+cphGq6IELZ865l7n3eBGjUlnWp1GYm19YXCoul1ZW19Y3zM2tlgxjgUkThywUHQ9JwignTUUVI51IEBR4jLS90eXEb98RIWnIb9Q4Im6ABpz6FCOlpZ65kzieD2/THoYXEDuH2TNOe2bZqlgZ4Aw5tuyzmg3tXCmDHI2e+eH0QxwHhCvMkJRd24qUmyChKGYkLTmxJBHCIzQgXU05Coh0k2z/FO5rpQ/9UOjiCmbq7ESCAinHgac7A6SG8rc3Ef/yurHyT92E8ihWhOPpR37MoArhJAzYp4JgxcaaICyo3hXiIRIIKx1ZSYfwfSn8n7SOKnatUr2uluvneRxFsAv2wAGwwQmogyvQAE2AwT14BM/gxXgwnoxX423aWjDymW3wA8b7F4DilSE=</latexit>

jc = cu

[m2.s-1]



heat:

<latexit sha1_base64="JEf+P7qFBipDPRGcUw2+xUB5QPk=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48JmAekCxhdrY3GTP7YGZWCCFf4MWDIl79JG/+jZNkhSha0FBUddPd5SWCK23bn1ZuZXVtfSO/Wdja3tndK+4ftFScSoZNFotYdjyqUPAIm5prgZ1EIg09gW1vdDPz2w8oFY+jOz1O0A3pIOIBZ1QbqeH3iyW7bM9Blsi57VxVHeJkSgky1PvFj54fszTESDNBleo6dqLdCZWaM4HTQi9VmFA2ogPsGhrREJU7mR86JSdG8UkQS1ORJnN1eWJCQ6XGoWc6Q6qH6rc3E//yuqkOLt0Jj5JUY8QWi4JUEB2T2dfE5xKZFmNDKJPc3ErYkErKtMmmYEL4/pT8T1pnZadarjQqpdp1FkcejuAYTsGBC6jBLdShCQwQHuEZXqx768l6td4WrTkrmzmEH7DevwDoF40B</latexit>

d

source/sink 
eg: Joule effect

Conduction: Fourrier’s law

Convection

<latexit sha1_base64="6L73dW19u9uCnVDa1hVo3L1i2ds=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU9mVWhU8FLx4rNgvaJeSTbNtaJJdkqxQlv4ELx4U8eov8ua/MW1XqKIPBh7vzTAzL4g508Z1P53cyura+kZ+s7C1vbO7V9w/aOkoUYQ2ScQj1QmwppxJ2jTMcNqJFcUi4LQdjG9mfvuBKs0i2TCTmPoCDyULGcHGSveNvtcvltyyOwdaIueud1X1kJcpJchQ7xc/eoOIJIJKQzjWuuu5sfFTrAwjnE4LvUTTGJMxHtKupRILqv10fuoUnVhlgMJI2ZIGzdXliRQLrScisJ0Cm5H+7c3Ev7xuYsJLP2UyTgyVZLEoTDgyEZr9jQZMUWL4xBJMFLO3IjLCChNj0ynYEL4/Rf+T1lnZq5Yrd5VS7TqLIw9HcAyn4MEF1OAW6tAEAkN4hGd4cbjz5Lw6b4vWnJPNHMIPOO9f9PeNlQ==</latexit>

T1
<latexit sha1_base64="jt3X4mJwQmRfW3TqW7hthxtYuJ8=">AAAB6nicdVBNSwMxEJ31s9avqkcvwSJ4KrulVgUPBS8eK/YL2qVk02wbmmSXJCuUpT/BiwdFvPqLvPlvTNsVquiDgcd7M8zMC2LOtHHdT2dldW19YzO3ld/e2d3bLxwctnSUKEKbJOKR6gRYU84kbRpmOO3EimIRcNoOxjczv/1AlWaRbJhJTH2Bh5KFjGBjpftGv9wvFN2SOwdaIueud1X1kJcpRchQ7xc+eoOIJIJKQzjWuuu5sfFTrAwjnE7zvUTTGJMxHtKupRILqv10fuoUnVplgMJI2ZIGzdXliRQLrScisJ0Cm5H+7c3Ev7xuYsJLP2UyTgyVZLEoTDgyEZr9jQZMUWL4xBJMFLO3IjLCChNj08nbEL4/Rf+TVrnkVUuVu0qxdp3FkYNjOIEz8OACanALdWgCgSE8wjO8ONx5cl6dt0XripPNHMEPOO9f9nuNlg==</latexit>

T2

thermal conductivity  
[W.m-1.K-1]

thermal flux  
[W.m-2]

density  
[kg.m-3]

specific heat capacity  
[J.kg-1.K-1]

Heat equation:

<latexit sha1_base64="CsQ7QHEmYm7w/4QJ+BRAgiKsTjU="></latexit>

jcond = �rT ! � 
T2 � T1

d

<latexit sha1_base64="LKtk0VQFzB9o/+udx2bJuMQCrA0=">AAACD3icdVDLSsNAFJ34rPVVdelmsCguSknEJygUunGpYFuhCWEynbRjJzNhZlIoIX/gxl9x40IRt27d+TdO0wpV9MCFwzn3cu89Qcyo0rb9ac3Mzs0vLBaWissrq2vrpY3NphKJxKSBBRPyNkCKMMpJQ1PNyG0sCYoCRlpBvz7yWwMiFRX8Rg9j4kWoy2lIMdJG8kt7qRuE8C7zUyz4IIMX0JU9Aet+7FbgjVvJ7STzS2W7aueAU+TIds6OHehMlDKY4MovfbgdgZOIcI0ZUqrt2LH2UiQ1xYxkRTdRJEa4j7qkbShHEVFemv+TwV2jdGAopCmuYa5OT6QoUmoYBaYzQrqnfnsj8S+vnejw1EspjxNNOB4vChMGtYCjcGCHSoI1GxqCsKTmVoh7SCKsTYRFE8L3p/B/0jyoOsfVw+vDcu18EkcBbIMdsA8ccAJq4BJcgQbA4B48gmfwYj1YT9ar9TZunbEmM1vgB6z3LzJdm3w=</latexit>

jconv = ⇢Cp T u

<latexit sha1_base64="3/t1wu9jttAG5dKNNzzA4BADUeE="></latexit>

⇢Cp

✓
@T

@t
+ u ·rT

◆
= �T + r

<latexit sha1_base64="LwkZGiGR/WuQMyVpqqYuC5qSTz4="></latexit>

@T

@t
+ u ·rT = ↵�T +

r

⇢Cp

<latexit sha1_base64="DHK0cJZkxh5lZ5MRKY33ChK41bg=">AAACAXicdVDLSgNBEJyNrxhfq14EL4NB8BR3JUYFhUAuHiOYB2RD6J3MJkNmd4eZWSEs8eKvePGgiFf/wpt/4+QhRNGChqKqm+4uX3CmtON8WpmFxaXllexqbm19Y3PL3t6pqziRhNZIzGPZ9EFRziJa00xz2hSSQuhz2vAHlbHfuKNSsTi61UNB2yH0IhYwAtpIHXvPAy76gK+wNwAh4NiT/RhXOqJj552CMwGeI6eOe1FysTtT8miGasf+8LoxSUIaacJBqZbrCN1OQWpGOB3lvERRAWQAPdoyNIKQqnY6+WCED43SxUEsTUUaT9T5iRRCpYahbzpD0H312xuLf3mtRAfn7ZRFItE0ItNFQcKxjvE4DtxlkhLNh4YAkczcikkfJBBtQsuZEL4/xf+T+knBLRWKN8V8+XIWRxbtowN0hFx0hsroGlVRDRF0jx7RM3qxHqwn69V6m7ZmrNnMLvoB6/0LEt2WAg==</latexit>

↵ = /⇢Cp
thermal diffusivity 

[m2.s-1]



momentum:

<latexit sha1_base64="JEf+P7qFBipDPRGcUw2+xUB5QPk=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48JmAekCxhdrY3GTP7YGZWCCFf4MWDIl79JG/+jZNkhSha0FBUddPd5SWCK23bn1ZuZXVtfSO/Wdja3tndK+4ftFScSoZNFotYdjyqUPAIm5prgZ1EIg09gW1vdDPz2w8oFY+jOz1O0A3pIOIBZ1QbqeH3iyW7bM9Blsi57VxVHeJkSgky1PvFj54fszTESDNBleo6dqLdCZWaM4HTQi9VmFA2ogPsGhrREJU7mR86JSdG8UkQS1ORJnN1eWJCQ6XGoWc6Q6qH6rc3E//yuqkOLt0Jj5JUY8QWi4JUEB2T2dfE5xKZFmNDKJPc3ErYkErKtMmmYEL4/pT8T1pnZadarjQqpdp1FkcejuAYTsGBC6jBLdShCQwQHuEZXqx768l6td4WrTkrmzmEH7DevwDoF40B</latexit>

d

<latexit sha1_base64="Cnl9PzOORJ8vu9xp9qyN90uwg14=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48RjQPSJYwO5lNhszOLjO9Qgj5BC8eFPHqF3nzb5wkK6hoQUNR1U13V5BIYdB1P5zc0vLK6lp+vbCxubW9U9zda5o41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRlczv3XPtRGxusNxwv2IDpQIBaNopdu05/WKJbfszkG+kVPXu6h6xMuUEmSo94rv3X7M0ogrZJIa0/HcBP0J1SiY5NNCNzU8oWxEB7xjqaIRN/5kfuqUHFmlT8JY21JI5ur3iQmNjBlHge2MKA7Nb28m/uV1UgzP/YlQSYpcscWiMJUEYzL7m/SF5gzl2BLKtLC3EjakmjK06RRsCF+fkv9J86TsVcuVm0qpdpnFkYcDOIRj8OAManANdWgAgwE8wBM8O9J5dF6c10Vrzslm9uEHnLdPJ0yNtg==</latexit>u1
<latexit sha1_base64="Q6fEWsKeCuO46L9afDDjmrGCugY=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU9kttSp4KHjxWNF+QLuUbJptQ5PskmSFsvQnePGgiFd/kTf/jWm7QhV9MPB4b4aZeUHMmTau++nkVlbX1jfym4Wt7Z3dveL+QUtHiSK0SSIeqU6ANeVM0qZhhtNOrCgWAaftYHw989sPVGkWyXsziakv8FCykBFsrHSX9Cv9Ysktu3OgJXLmepc1D3mZUoIMjX7xozeISCKoNIRjrbueGxs/xcowwum00Es0jTEZ4yHtWiqxoNpP56dO0YlVBiiMlC1p0Fxdnkix0HoiAtspsBnp395M/MvrJia88FMm48RQSRaLwoQjE6HZ32jAFCWGTyzBRDF7KyIjrDAxNp2CDeH7U/Q/aVXKXq1cva2W6ldZHHk4gmM4BQ/OoQ430IAmEBjCIzzDi8OdJ+fVeVu05pxs5hB+wHn/AijQjbc=</latexit>u2

viscous stress [Pa]  
~ 

 flux of momentum

dynamic viscosity [Pa.s] 
~ 

 momentum “conductivity”

Navier & Stokes equation:
<latexit sha1_base64="ijmC7Fy9LKBVlgXJ63VZP4z++2s="></latexit>

⇢
@u

@t
+ ⇢(u ·r)u = ⌘�u�rp+ ⇢g

<latexit sha1_base64="SBhgLFTaFI7EQI0ZYiLbdlpOSBY="></latexit>

@u

@t
+ (u ·r)u = ⌫�u� 1

⇢
rp+ g

kinematic viscosity [m2.s-1] 
~ 

 momentum “diffusion”

“Conduction”

“Convection”
<latexit sha1_base64="1NCiAUoPjU1RgV1yEBtEFZNe57A=">AAACBHicdVDLSgMxFL1TX7W+Rl12EyyCqzIjtSq4KLhxWcE+oDOUTJppQzOTIckIZejCjb/ixoUibv0Id/6N6Quq6IHAuefcy809QcKZ0o7zZeVWVtfWN/Kbha3tnd09e/+gqUQqCW0QwYVsB1hRzmLa0Exz2k4kxVHAaSsYXk/81j2Vion4To8S6ke4H7OQEayN1LWLnhwIlHlBiNKxJzSLqFqUXbvklJ0p0BI5c9zLqovcuVKCOepd+9PrCZJGNNaEY6U6rpNoP8NSM8LpuOCliiaYDHGfdgyNsVnmZ9MjxujYKD0UCmlerNFUXZ7IcKTUKApMZ4T1QP32JuJfXifV4YWfsThJNY3JbFGYcqQFmiSCekxSovnIEEwkM39FZIAlJtrkVjAhLC5F/5Pmadmtliu3lVLtah5HHopwBCfgwjnU4Abq0AACD/AEL/BqPVrP1pv1PmvNWfOZQ/gB6+Mbh8+YBg==</latexit>

⇢u⌦ u

<latexit sha1_base64="FP+5IOvlQi3Qrf8WvwVpXYurEQU="></latexit>

�v = ⌘(ru+ruT) ! ⌘
u2 � u1

d

<latexit sha1_base64="/6J5nUSn+YPghm30mIlFk3Znqn0=">AAAB+nicdVBNS8NAEN34WetXqkcvi0XwVBOpVUGh4MVjBfsBTSib7aZdutmE3YlSan+KFw+KePWXePPfuG0jVNEHA4/3ZpiZFySCa3CcT2thcWl5ZTW3ll/f2Nzatgs7DR2nirI6jUWsWgHRTHDJ6sBBsFaiGIkCwZrB4GriN++Y0jyWtzBMmB+RnuQhpwSM1LELnkwxvsQeA4KPPNWPO3bRKTlT4Dly4rjnFRe7mVJEGWod+8PrxjSNmAQqiNZt10nAHxEFnAo2znupZgmhA9JjbUMliZj2R9PTx/jAKF0cxsqUBDxV5ydGJNJ6GAWmMyLQ17+9ifiX104hPPNHXCYpMElni8JUYIjxJAfc5YpREENDCFXc3IppnyhCwaSVNyF8f4r/J43jklsplW/KxepFFkcO7aF9dIhcdIqq6BrVUB1RdI8e0TN6sR6sJ+vVepu1LljZzC76Aev9C3AQktQ=</latexit>

⌫ = ⌘/⇢



2.1 Homogenization of a cocktail

<latexit sha1_base64="VJO7FxDgrN71AFWiCaZK09IGnKg=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoKAS8eI5oHJEuYncwmQ2YfzPQKYcknePGgiFe/yJt/4yRZIYoWNBRV3XR3ebEUGm3708otLa+sruXXCxubW9s7xd29po4SxXiDRTJSbY9qLkXIGyhQ8nasOA08yVve6Hrqtx640iIK73Ecczegg1D4glE00h1e2b1iyS7bM5AFcmo7F1WHOJlSggz1XvGj249YEvAQmaRadxw7RjelCgWTfFLoJprHlI3ogHcMDWnAtZvOTp2QI6P0iR8pUyGSmbo4kdJA63Hgmc6A4lD/9qbiX14nQf/cTUUYJ8hDNl/kJ5JgRKZ/k75QnKEcG0KZEuZWwoZUUYYmnYIJ4ftT8j9pnpSdarlyWynVLrM48nAAh3AMDpxBDW6gDg1gMIBHeIYXS1pP1qv1Nm/NWdnMPvyA9f4F8ImNkg==</latexit>

t = 0
<latexit sha1_base64="ZvURJWfSulZgyY9Qim6/vkKhtR0=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoiAS8eI5oHJEuYncwmQ2YfzPQKYcknePGgiFe/yJt/4yRZIYoWNBRV3XR3ebEUGm3708otLa+sruXXCxubW9s7xd29po4SxXiDRTJSbY9qLkXIGyhQ8nasOA08yVve6Hrqtx640iIK73Ecczegg1D4glE00h1e2b1iyS7bM5AFcmo7F1WHOJlSggz1XvGj249YEvAQmaRadxw7RjelCgWTfFLoJprHlI3ogHcMDWnAtZvOTp2QI6P0iR8pUyGSmbo4kdJA63Hgmc6A4lD/9qbiX14nQf/cTUUYJ8hDNl/kJ5JgRKZ/k75QnKEcG0KZEuZWwoZUUYYmnYIJ4ftT8j9pnpSdarlyWynVLrM48nAAh3AMDpxBDW6gDg1gMIBHeIYXS1pP1qv1Nm/NWdnMPvyA9f4F8g6Nkw==</latexit>

t > 0

<latexit sha1_base64="mw92I/c+SLB1Dnjb7xZSVFNcWGs=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48RjQPSJYwO+lNhszOLjOzQgj5BC8eFPHqF3nzb5wkK6hoQUNR1U13V5AIro3rfji5peWV1bX8emFjc2t7p7i719Rxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Grmt+5RaR7LOzNO0I/oQPKQM2qsdMt6bq9YcsvuHOQbOXW9i6pHvEwpQYZ6r/je7ccsjVAaJqjWHc9NjD+hynAmcFrophoTykZ0gB1LJY1Q+5P5qVNyZJU+CWNlSxoyV79PTGik9TgKbGdEzVD/9mbiX14nNeG5P+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2hK9Pyf+keVL2quXKTaVUu8ziyMMBHMIxeHAGNbiGOjSAwQAe4AmeHeE8Oi/O66I152Qz+/ADztsnClyNow==</latexit>c0

<latexit sha1_base64="G0fyBjAl+bg+7YwIHetAjexssHw=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU8lKrQoKBS8eK9oPaJeSTbNtaDa7JFmhLP0JXjwo4tVf5M1/Y9quUEUfDDzem2Fmnh8Lrg3Gn05uaXlldS2/XtjY3NreKe7uNXWUKMoaNBKRavtEM8ElaxhuBGvHipHQF6zlj66nfuuBKc0jeW/GMfNCMpA84JQYK93RK9wrlnAZz4AWyCl2L6oucjOlBBnqveJHtx/RJGTSUEG07rg4Nl5KlOFUsEmhm2gWEzoiA9axVJKQaS+dnTpBR1bpoyBStqRBM3VxIiWh1uPQt50hMUP925uKf3mdxATnXsplnBgm6XxRkAhkIjT9G/W5YtSIsSWEKm5vRXRIFKHGplOwIXx/iv4nzZOyWy1Xbiul2mUWRx4O4BCOwYUzqMEN1KEBFAbwCM/w4gjnyXl13uatOSeb2YcfcN6/ANajjYE=</latexit>

c = 0

<latexit sha1_base64="XjTPSbY/qtYz+pPwglOXOQ8X1C0=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48JmBiIFnC7KQ3GTP7YGZWiEu+wIsHRbz6Sd78GyfJClG0oKGo6qa7y4sFV9q2P63c0vLK6lp+vbCxubW9U9zda6kokQybLBKRbHtUoeAhNjXXAtuxRBp4Am+90dXUv71HqXgU3uhxjG5AByH3OaPaSI2HXrFkl+0ZyAI5tZ2LqkOcTClBhnqv+NHtRywJMNRMUKU6jh1rN6VScyZwUugmCmPKRnSAHUNDGqBy09mhE3JklD7xI2kq1GSmLk6kNFBqHHimM6B6qH57U/Evr5No/9xNeRgnGkM2X+QnguiITL8mfS6RaTE2hDLJza2EDamkTJtsCiaE70/J/6R1Unaq5UqjUqpdZnHk4QAO4RgcOIMaXEMdmsAA4RGe4cW6s56sV+tt3pqzspl9+AHr/QsJfo0X</latexit>z

<latexit sha1_base64="mw92I/c+SLB1Dnjb7xZSVFNcWGs=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48RjQPSJYwO+lNhszOLjOzQgj5BC8eFPHqF3nzb5wkK6hoQUNR1U13V5AIro3rfji5peWV1bX8emFjc2t7p7i719Rxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Grmt+5RaR7LOzNO0I/oQPKQM2qsdMt6bq9YcsvuHOQbOXW9i6pHvEwpQYZ6r/je7ccsjVAaJqjWHc9NjD+hynAmcFrophoTykZ0gB1LJY1Q+5P5qVNyZJU+CWNlSxoyV79PTGik9TgKbGdEzVD/9mbiX14nNeG5P+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2hK9Pyf+keVL2quXKTaVUu8ziyMMBHMIxeHAGNbiGOjSAwQAe4AmeHeE8Oi/O66I152Qz+/ADztsnClyNow==</latexit>c0

<latexit sha1_base64="G0fyBjAl+bg+7YwIHetAjexssHw=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU8lKrQoKBS8eK9oPaJeSTbNtaDa7JFmhLP0JXjwo4tVf5M1/Y9quUEUfDDzem2Fmnh8Lrg3Gn05uaXlldS2/XtjY3NreKe7uNXWUKMoaNBKRavtEM8ElaxhuBGvHipHQF6zlj66nfuuBKc0jeW/GMfNCMpA84JQYK93RK9wrlnAZz4AWyCl2L6oucjOlBBnqveJHtx/RJGTSUEG07rg4Nl5KlOFUsEmhm2gWEzoiA9axVJKQaS+dnTpBR1bpoyBStqRBM3VxIiWh1uPQt50hMUP925uKf3mdxATnXsplnBgm6XxRkAhkIjT9G/W5YtSIsSWEKm5vRXRIFKHGplOwIXx/iv4nzZOyWy1Xbiul2mUWRx4O4BCOwYUzqMEN1KEBFAbwCM/w4gjnyXl13uatOSeb2YcfcN6/ANajjYE=</latexit>

c = 0

<latexit sha1_base64="R2V55Z0o12cAslx3ZD1dDF1UCqA=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48RjAPSJYwO9ubDJl9ODMrhCU/4cWDIl79HW/+jZNkBRUtaCiquunu8hLBlbbtD6uwtLyyulZcL21sbm3vlHf32ipOJcMWi0Usux5VKHiELc21wG4ikYaewI43vpr5nXuUisfRrZ4k6IZ0GPGAM6qN1O37KDQdsEG5YlftOcg3cmo7F3WHOLlSgRzNQfm978csDTHSTFCleo6daDejUnMmcFrqpwoTysZ0iD1DIxqicrP5vVNyZBSfBLE0FWkyV79PZDRUahJ6pjOkeqR+ezPxL6+X6uDczXiUpBojtlgUpILomMyeJz6XyLSYGEKZ5OZWwkZUUqZNRCUTwten5H/SPqk69WrtplZpXOZxFOEADuEYHDiDBlxDE1rAQMADPMGzdWc9Wi/W66K1YOUz+/AD1tsnJumQCw==</latexit>

�c

in scaling laws:
<latexit sha1_base64="dkvMwf+PONzdW/p6NV586aVWKIs=">AAACAHicdVDJSgNBEO2JW4zbqAcPXhqDEC9xJsSo4CGgB48RzALJOPR0OkmTnoXuGiEMc/FXvHhQxKuf4c2/sbMIUfRBweO9KqrqeZHgCizr08gsLC4tr2RXc2vrG5tb5vZOQ4WxpKxOQxHKlkcUEzxgdeAgWCuSjPieYE1veDn2m/dMKh4GtzCKmOOTfsB7nBLQkmvudbpMAHFpR3EfF67g6C6xj0upa+atojUBniMnln1esbE9U/JohpprfnS6IY19FgAVRKm2bUXgJEQCp4KluU6sWETokPRZW9OA+Ew5yeSBFB9qpYt7odQVAJ6o8xMJ8ZUa+Z7u9AkM1G9vLP7ltWPonTkJD6IYWECni3qxwBDicRq4yyWjIEaaECq5vhXTAZGEgs4sp0P4/hT/Txqlol0plm/K+erFLI4s2kcHqIBsdIqq6BrVUB1RlKJH9IxejAfjyXg13qatGWM2s4t+wHj/AkCllYg=</latexit>

�c ⇠ (Dt)1/2
<latexit sha1_base64="PiAjVHeLPzCywNoZPretYNRpA60="></latexit>

jd ⇠ D
c0
�c

⇠
✓
D

t

◆1/2

c0

exact solution ?
<latexit sha1_base64="KbXQKuXd7hRZST1iKoVDz7RIlIo="></latexit>

@c

@t
+ u ·rc = D

@2c

@x2
with

<latexit sha1_base64="JuMdbVDvL65TE4SoLiDxXVXZ/CQ=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKewGXRU8BLx4TMA8IFnC7KSTjJl9MDMrhiVf4MWDIl79JG/+jZNkBRUtaCiquunu8mPBlbbtDyu3tLyyupZfL2xsbm3vFHf3mipKJMMGi0Qk2z5VKHiIDc21wHYskQa+wJY/vpr5rTuUikfhjZ7E6AV0GPIBZ1QbqX7fK5bssj0HWRCnYsip7Vy4LnEyqwQZar3ie7cfsSTAUDNBleo4dqy9lErNmcBpoZsojCkb0yF2DA1pgMpL54dOyZFR+mQQSVOhJnP1+0RKA6UmgW86A6pH6rc3E//yOokenHspD+NEY8gWiwaJIDois69Jn0tkWkwMoUxycythIyop0yabggnh61PyP2lWyo5bdusnpeplFkceDuAQjsGBM6jCNdSgAQwQHuAJnq1b69F6sV4XrTkrm9mHH7DePgESbo0f</latexit>x

<latexit sha1_base64="1Sbb5vDOKibKDFKskvCRGNNZyNM=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0WoC0tSNCpYKLhxWcE+oA1hMp20QyeTMDMphtA/ceNCEbf+iTv/xmkbQUUPXDiccy/33uPHjEplWR9GYWl5ZXWtuF7a2Nza3jF399oySgQmLRyxSHR9JAmjnLQUVYx0Y0FQ6DPS8cfXM78zIULSiN+pNCZuiIacBhQjpSXPNHHlvn7SpzxQ6XEde5Znlq2qNQdcELumyZllXzoOtHOrDHI0PfO9P4hwEhKuMENS9mwrVm6GhKKYkWmpn0gSIzxGQ9LTlKOQSDebXz6FR1oZwCASuriCc/X7RIZCKdPQ150hUiP525uJf3m9RAUXbkZ5nCjC8WJRkDCoIjiLAQ6oIFixVBOEBdW3QjxCAmGlwyrpEL4+hf+Tdq1qO1Xn9rTcuMrjKIIDcAgqwAbnoAFuQBO0AAYT8ACewLORGY/Gi/G6aC0Y+cw++AHj7RMsypK5</latexit>

c(x = →↑) = c0
<latexit sha1_base64="YhTRjJpcSSzALO8KevJ85WHnVjo=">AAAB9HicdVBNS8NAEN3Ur1q/qh69LBahXkpStCpYKHjxWMF+QBvKZrtpl242cXdSDKW/w4sHRbz6Y7z5b9y2EVT0wcDjvRlm5nmR4Bps+8PKLC2vrK5l13Mbm1vbO/ndvaYOY0VZg4YiVG2PaCa4ZA3gIFg7UowEnmAtb3Q181tjpjQP5S0kEXMDMpDc55SAkVxavK92ufQhOa7avXzBLtlz4AVxyoac2s5FpYKd1CqgFPVe/r3bD2kcMAlUEK07jh2BOyEKOBVsmuvGmkWEjsiAdQyVJGDancyPnuIjo/SxHypTEvBc/T4xIYHWSeCZzoDAUP/2ZuJfXicG/9ydcBnFwCRdLPJjgSHEswRwnytGQSSGEKq4uRXTIVGEgskpZ0L4+hT/T5rlklMpVW5OCrXLNI4sOkCHqIgcdIZq6BrVUQNRdIce0BN6tsbWo/VivS5aM1Y6s49+wHr7BM7nkXs=</latexit>

c(x = →) = 0

2. Solving transport equations



<latexit sha1_base64="KbXQKuXd7hRZST1iKoVDz7RIlIo="></latexit>

@c

@t
+ u ·rc = D

@2c

@x2

new variable
<latexit sha1_base64="DnRHK0lj6gepdcqRk3EeG5Gyr8s="></latexit>

⇠ =
x

2(Dt)1/2
! c

✓
x

2(Dt)1/2

◆
?

<latexit sha1_base64="tT6OcCVH8LyEv4N+UbFbYtE5cR8="></latexit>

� x

4D1/2t3/2
c0(⇠) = D

1

4Dt
c00(⇠)

<latexit sha1_base64="+eT1tEXPWcEArE2vhUmrj8XOf5g=">AAACD3icdVDLSgNBEJyNrxhfqx69DAZNghB3Q4wKCgE9eIxgHpDEMDuZTYbMPpiZlYRl/8CLv+LFgyJevXrzb5wkK0TRgoaiqpvuLstnVEjD+NQSc/MLi0vJ5dTK6tr6hr65VRNewDGpYo95vGEhQRh1SVVSyUjD5wQ5FiN1a3Ax9ut3hAvquTdy5JO2g3outSlGUkkdfR9nMtnWkOYOWjZHOBxGYfZS5m5D87AQRXjqnRsdPW3kjQngDDkyzNOSCc1YSYMYlY7+0ep6OHCIKzFDQjRNw5ftEHFJMSNRqhUI4iM8QD3SVNRFDhHtcPJPBPeU0oW2x1W5Ek7U2YkQOUKMHEt1Okj2xW9vLP7lNQNpn7RD6vqBJC6eLrIDBqUHx+HALuUESzZSBGFO1a0Q95HKRaoIUyqE70/h/6RWyJulfPG6mC6fxXEkwQ7YBVlggmNQBlegAqoAg3vwCJ7Bi/agPWmv2tu0NaHFM9vgB7T3L5yimoA=</latexit>

c00(⇠) +
x

(Dt)1/2
c0(⇠) = 0

<latexit sha1_base64="MJWP3+jE2BBojLDfxEajVjq4XDQ=">AAAB63icdVBNSwMxEJ2tX7V+VT16CRbBU9kttSp4KHjxWMF+QLuUbJptQ5PskmTFUvoXvHhQxKt/yJv/xmy7QhV9MPB4b4aZeUHMmTau++nkVlbX1jfym4Wt7Z3dveL+QUtHiSK0SSIeqU6ANeVM0qZhhtNOrCgWAaftYHyd+u17qjSL5J2ZxNQXeChZyAg2qVTpPbB+seSW3TnQEjlzvcuah7xMKUGGRr/40RtEJBFUGsKx1l3PjY0/xcowwums0Es0jTEZ4yHtWiqxoNqfzm+doROrDFAYKVvSoLm6PDHFQuuJCGynwGakf3up+JfXTUx44U+ZjBNDJVksChOOTITSx9GAKUoMn1iCiWL2VkRGWGFibDwFG8L3p+h/0qqUvVq5elst1a+yOPJwBMdwCh6cQx1uoAFNIDCCR3iGF0c4T86r87ZozTnZzCH8gPP+Be1Zjio=</latexit>

2⇠
<latexit sha1_base64="uWOVC5+7+7rupHxE/gRr6fHM7k4=">AAACAHicdVDLSgMxFL1TX7W+Rl24cBMs0opQZkqtCgoFNy4r2Ae0Q8mkaRuaeZBkxDJ046+4caGIWz/DnX9j2o5QRQ8knJxzLzf3uCFnUlnWp5FaWFxaXkmvZtbWNza3zO2dugwiQWiNBDwQTRdLyplPa4opTpuhoNhzOW24w6uJ37ijQrLAv1WjkDoe7vusxwhWWuqYeySXy7fv2dFxUd+IzB6XVsfMWgVrCjRHTiz7vGwjO1GykKDaMT/a3YBEHvUV4VjKlm2FyomxUIxwOs60I0lDTIa4T1ua+tij0omnC4zRoVa6qBcIfXyFpup8R4w9KUeeqys9rAbytzcR//JakeqdOTHzw0hRn8wG9SKOVIAmaaAuE5QoPtIEE8H0XxEZYIGJ0plldAjfm6L/Sb1YsMuF0k0pW7lI4kjDPhxAHmw4hQpcQxVqQGAMj/AML8aD8WS8Gm+z0pSR9OzCDxjvXxWplCg=</latexit>

c00(⇠) + 2⇠c0(⇠) = 0

we define
<latexit sha1_base64="e1BWVMqTOeQ1gW58MhoYSoU019o=">AAACE3icdVDLSgMxFM3UV62vqks3wSJWhTJTalVQKLhxWcE+oDOUTJpOQzOTIcmIZWi/wY2/4saFIm7duPNvTNsRquiFJCfnnEtyjxsyKpVpfhqpufmFxaX0cmZldW19I7u5VZc8EpjUMGdcNF0kCaMBqSmqGGmGgiDfZaTh9i/HeuOWCEl5cKMGIXF85AW0SzFSmmpnD728fUcPLvD+5ByNbMVHI296OyrqHSYOs53NmQVzUnAGHJvWWdmCVsLkQFLVdvbD7nAc+SRQmCEpW5YZKidGQlHMyDBjR5KECPeRR1oaBsgn0oknMw3hnmY6sMuFXoGCE3a2I0a+lAPf1U4fqZ78rY3Jv7RWpLqnTkyDMFIkwNOHuhGDisNxQLBDBcGKDTRAWFD9V4h7SCCsdIwZHcL3pPB/UC8WrHKhdF3KVc6TONJgB+yCPLDACaiAK1AFNYDBPXgEz+DFeDCejFfjbWpNGUnPNvhRxvsXqPycIQ==</latexit>

g(⇠) = c0(⇠) ! g0(⇠) + 2⇠g(⇠) = 0

<latexit sha1_base64="hOTf2j+pPGHrPgZ0vSYuIxJHgPw=">AAACAXicdVDLSsNAFJ34rPUVdSO4GSyCG0tSalVQKLhxWcE+oAllMpm0QyeTMDMRS4gbf8WNC0Xc+hfu/BunbYQqeuBeDufcy8w9XsyoVJb1aczNLywuLRdWiqtr6xub5tZ2S0aJwKSJIxaJjockYZSTpqKKkU4sCAo9Rtre8HLst2+JkDTiN2oUEzdEfU4DipHSUs/cdQKBcOr3s7SfXcCjinNHoa9bzyxZZWsCOEOOLfusZkM7V0ogR6Nnfjh+hJOQcIUZkrJrW7FyUyQUxYxkRSeRJEZ4iPqkqylHIZFuOrkggwda8WEQCV1cwYk6u5GiUMpR6OnJEKmB/O2Nxb+8bqKCUzelPE4U4Xj6UJAwqCI4jgP6VBCs2EgThAXVf4V4gHQkSodW1CF8Xwr/J61K2a6Vq9fVUv08j6MA9sA+OAQ2OAF1cAUaoAkwuAeP4Bm8GA/Gk/FqvE1H54x8Zwf8gPH+BeeGlog=</latexit>

dg

g
= �2⇠d⇠

<latexit sha1_base64="4ZwlYjrqsvkRwueMQNsYp6xpb5Y=">AAAB/HicdVDLSsNAFJ3UV62vaJduBotQEUtSalVQKLhxWcE+oIllMp22QyeTMDMRQ6i/4saFIm79EHf+jdM2QhU9cOFwzr3ce48XMiqVZX0amYXFpeWV7GpubX1jc8vc3mnKIBKYNHDAAtH2kCSMctJQVDHSDgVBvsdIyxtdTvzWHRGSBvxGxSFxfTTgtE8xUlrqmnmH8eLgAF7AI+ee3pYPsSJds2CVrCngHDm27LOqDe1UKYAU9a754fQCHPmEK8yQlB3bCpWbIKEoZmSccyJJQoRHaEA6mnLkE+km0+PHcF8rPdgPhC6u4FSdn0iQL2Xse7rTR2oof3sT8S+vE6n+qZtQHkaKcDxb1I8YVAGcJAF7VBCsWKwJwoLqWyEeIoF0AkLmdAjfn8L/SbNcsqulynWlUDtP48iCXbAHisAGJ6AGrkAdNAAGMXgEz+DFeDCejFfjbdaaMdKZPPgB4/0LXlSTTg==</latexit>

ln(g) = �⇠2 + cte



<latexit sha1_base64="rmKyBPpv1qe+5+Qb9aPX1brX1SY=">AAAB/nicdVDLSgMxFM3UV62vUXHlJliEdmGZKbUqKFTcuKxgH9AZSyZN29BMZkgy0jIU/BU3LhRx63e4829M2xGq6IELJ+fcS+49XsioVJb1aaQWFpeWV9KrmbX1jc0tc3unLoNIYFLDAQtE00OSMMpJTVHFSDMUBPkeIw1vcDXxG/dESBrwWzUKieujHqddipHSUtvc6+WcIc1fwEuHDMPckX7cFfNtM2sVrCngHDm27LOyDe1EyYIE1bb54XQCHPmEK8yQlC3bCpUbI6EoZmSccSJJQoQHqEdamnLkE+nG0/XH8FArHdgNhC6u4FSdn4iRL+XI93Snj1Rf/vYm4l9eK1LdUzemPIwU4Xj2UTdiUAVwkgXsUEGwYiNNEBZU7wpxHwmElU4so0P4vhT+T+rFgl0ulG5K2cp5Ekca7IMDkAM2OAEVcA2qoAYwiMEjeAYvxoPxZLwab7PWlJHM7IIfMN6/ANOnlB0=</latexit>

g(⇠) = A exp(�⇠2)

<latexit sha1_base64="zr466QKKEcnOZzqrdQnl12d8XXo="></latexit>

c(⇠) = A

Z ⇠

0
e�!2

d! +B

<latexit sha1_base64="ptzfeuAhd4WgoDqN9x4Bo9W53yo="></latexit>

x ! 1 ) ⇠ ! 1 ) c ! 0 ) A

Z 1

0
e�!2

d! +B = 0
<latexit sha1_base64="2ehbViVStBVuntgN+XqQAnJGFWo=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgqiSlVgUXBTcuK9gHNKFMppN26OThzI1YQn7FjQtF3Poj7vwbp22EKnrgwuGce7n3Hi8WXIFlfRqFldW19Y3iZmlre2d3z9wvd1SUSMraNBKR7HlEMcFD1gYOgvViyUjgCdb1Jlczv3vPpOJReAvTmLkBGYXc55SAlgZm2fEloamj7iQ4Mc/SWjYwK1bVmgMvkVPLvmjY2M6VCsrRGpgfzjCiScBCoIIo1betGNyUSOBUsKzkJIrFhE7IiPU1DUnAlJvOb8/wsVaG2I+krhDwXF2eSEmg1DTwdGdAYKx+ezPxL6+fgH/upjyME2AhXSzyE4EhwrMg8JBLRkFMNSFUcn0rpmOiwwAdV0mH8P0p/p90alW7Ua3f1CvNyzyOIjpER+gE2egMNdE1aqE2ougBPaJn9GJkxpPxarwtWgtGPnOAfsB4/wLJ+JTt</latexit>p
⇡

2
<latexit sha1_base64="peM40cNv0GbysABHcj8PqzwwL0s="></latexit>

x ! �1 ) ⇠ ! �1 ) c ! c0 ) A

Z �1

0
e�!2

d! +B = c0

<latexit sha1_base64="zvuFX6B9Mmw2fMPi+1N6fwR0qHw=">AAACBnicdVDLSsNAFJ34rPUVdSnCYBEEoSSlVgWFqhuXFewDmlIm00k7dDKJMxOhhKzc+CtuXCji1m9w5984aSNU0QMXDufcy733uCGjUlnWpzEzOze/sJhbyi+vrK6tmxubDRlEApM6DlggWi6ShFFO6ooqRlqhIMh3GWm6w8vUb94RIWnAb9QoJB0f9Tn1KEZKS11zx/EEwrEjb4VyQprEpQSewwN4Ac+gle+aBatojQGnyKFln1RsaGdKAWSodc0PpxfgyCdcYYakbNtWqDoxEopiRpK8E0kSIjxEfdLWlCOfyE48fiOBe1rpQS8QuriCY3V6Ika+lCPf1Z0+UgP520vFv7x2pLzjTkx5GCnC8WSRFzGoAphmAntUEKzYSBOEBdW3QjxAOhelk0tD+P4U/k8apaJdKZavy4XqaRZHDmyDXbAPbHAEquAK1EAdYHAPHsEzeDEejCfj1XibtM4Y2cwW+AHj/QttSpcg</latexit>p
⇡

2
A+B = 0

<latexit sha1_base64="6vBQ0UdqRI/4L719k35d6N35QTA=">AAACCXicdVDLSsNAFJ34rPUVdelmsAiCWJJSq4JC1Y3LCvYBTQiT6aQdOnk4MxFKyNaNv+LGhSJu/QN3/o2TNkIVPXDhcM693HuPGzEqpGF8ajOzc/MLi4Wl4vLK6tq6vrHZEmHMMWnikIW84yJBGA1IU1LJSCfiBPkuI213eJn57TvCBQ2DGzmKiO2jfkA9ipFUkqPDA8vjCCeWuOXSimiaVFJ4DvfhBTyD2DGKjl4yysYYcIocGuZJzYRmrpRAjoajf1i9EMc+CSRmSIiuaUTSThCXFDOSFq1YkAjhIeqTrqIB8omwk/EnKdxVSg96IVcVSDhWpycS5Asx8l3V6SM5EL+9TPzL68bSO7YTGkSxJAGeLPJiBmUIs1hgj3KCJRspgjCn6laIB0glI1V4WQjfn8L/SatSNmvl6nW1VD/N4yiAbbAD9oAJjkAdXIEGaAIM7sEjeAYv2oP2pL1qb5PWGS2f2QI/oL1/AWC1mC0=</latexit>

�
p
⇡

2
A+B = c0

<latexit sha1_base64="//niQpNF5tkZ6sCVpAePTBdWJy0=">AAAB/HicdVDLSsNAFJ34rPUV7dLNYBFclaTUqqBQdOOygn1AG8JkOmmHTiZhZiKEEH/FjQtF3Poh7vwbJ22EKnrgwuGce7n3Hi9iVCrL+jSWlldW19ZLG+XNre2dXXNvvyvDWGDSwSELRd9DkjDKSUdRxUg/EgQFHiM9b3qd+717IiQN+Z1KIuIEaMypTzFSWnLNCryCl3DoC4RT7FpZWs/Krlm1atYMcIGcWPZ504Z2oVRBgbZrfgxHIY4DwhVmSMqBbUXKSZFQFDOSlYexJBHCUzQmA005Coh00tnxGTzSygj6odDFFZypixMpCqRMAk93BkhN5G8vF//yBrHyz5yU8ihWhOP5Ij9mUIUwTwKOqCBYsUQThAXVt0I8QToIpfPKQ/j+FP5PuvWa3aw1bhvV1kURRwkcgENwDGxwClrgBrRBB2CQgEfwDF6MB+PJeDXe5q1LRjFTAT9gvH8Bm4uTdw==</latexit>

B =
c0
2

<latexit sha1_base64="2+jQ7/bkcl7mLbYt7eJ3G5qIqAQ=">AAACBHicdVDLSsNAFJ34rPUVddnNYBHcWBKpVUGh4sZlBfuAJoTJdNIOnUzizEQoIQs3/oobF4q49SPc+TdO2gpV9MCFwzn3cu89fsyoVJb1aczNLywuLRdWiqtr6xub5tZ2S0aJwKSJIxaJjo8kYZSTpqKKkU4sCAp9Rtr+8DL323dESBrxGzWKiRuiPqcBxUhpyTNL8AKewwMnEAin2LOy1JG3QjkxzYqeWbYq1hhwhhxZ9mnNhvZUKYMpGp754fQinISEK8yQlF3bipWbIqEoZiQrOokkMcJD1CddTTkKiXTT8RMZ3NNKDwaR0MUVHKuzEykKpRyFvu4MkRrI314u/uV1ExWcuCnlcaIIx5NFQcKgimCeCOxRQbBiI00QFlTfCvEA6TyUzi0P4ftT+D9pHVbsWqV6XS3Xz6ZxFEAJ7IJ9YINjUAdXoAGaAIN78AiewYvxYDwZr8bbpHXOmM7sgB8w3r8ADVyXHA==</latexit>

A = � c0p
⇡



<latexit sha1_base64="MftzrkWmZIG3m5CdRy9oeI6M/ms="></latexit>

c(x, t) =
c0
2

 
1� 2p

⇡

Z x

2(Dt)1/2

0
e�!2

d!

!

<latexit sha1_base64="Bk7jVunG78bFHgiIpzgUmd2N67A="></latexit>

c(x, t) =
c0
2

✓
1� erf

✓
x

2(Dt)1/2

◆◆

<latexit sha1_base64="H91+vTrHeG6QsYXpQCzkY78wLws="></latexit>

jd(x = 0) =
c0
2

✓
D

⇡t

◆1/2

<latexit sha1_base64="dSg+vfSqde2aq7IkK9IutjJNvjY="></latexit>

jd = �D
@c

@x
= D

c0
2

2p
⇡

1

2(Dt)1/2
exp

✓
� x2

4Dt

◆



2.2 Measuring a diffusion coefficient ?

200 µm

80 µm

Y-junction in a microfluidic chip

<latexit sha1_base64="+xRbDMdukhBwmy+bTWQuE2KAo98=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48JuAmgWQJs5PeZMzsg5lZIYR8gRcPinj1k7z5N06SFaJoQUNR1U13l58IrrRtf1q5ldW19Y38ZmFre2d3r7h/0FRxKhm6LBaxbPtUoeARupprge1EIg19gS1/dDPzWw8oFY+jOz1O0AvpIOIBZ1QbqeH2iiW7bM9Blsi57VxVHeJkSgky1HvFj24/ZmmIkWaCKtVx7ER7Eyo1ZwKnhW6qMKFsRAfYMTSiISpvMj90Sk6M0idBLE1FmszV5YkJDZUah77pDKkeqt/eTPzL66Q6uPQmPEpSjRFbLApSQXRMZl+TPpfItBgbQpnk5lbChlRSpk02BRPC96fkf9I8KzvVcqVRKdWuszjycATHcAoOXEANbqEOLjBAeIRneLHurSfr1XpbtOasbOYQfsB6/wLRW4zy</latexit>

U

<latexit sha1_base64="+xRbDMdukhBwmy+bTWQuE2KAo98=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48JuAmgWQJs5PeZMzsg5lZIYR8gRcPinj1k7z5N06SFaJoQUNR1U13l58IrrRtf1q5ldW19Y38ZmFre2d3r7h/0FRxKhm6LBaxbPtUoeARupprge1EIg19gS1/dDPzWw8oFY+jOz1O0AvpIOIBZ1QbqeH2iiW7bM9Blsi57VxVHeJkSgky1HvFj24/ZmmIkWaCKtVx7ER7Eyo1ZwKnhW6qMKFsRAfYMTSiISpvMj90Sk6M0idBLE1FmszV5YkJDZUah77pDKkeqt/eTPzL66Q6uPQmPEpSjRFbLApSQXRMZl+TPpfItBgbQpnk5lbChlRSpk02BRPC96fkf9I8KzvVcqVRKdWuszjycATHcAoOXEANbqEOLjBAeIRneLHurSfr1XpbtOasbOYQfsB6/wLRW4zy</latexit>

U

<latexit sha1_base64="+xRbDMdukhBwmy+bTWQuE2KAo98=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48JuAmgWQJs5PeZMzsg5lZIYR8gRcPinj1k7z5N06SFaJoQUNR1U13l58IrrRtf1q5ldW19Y38ZmFre2d3r7h/0FRxKhm6LBaxbPtUoeARupprge1EIg19gS1/dDPzWw8oFY+jOz1O0AvpIOIBZ1QbqeH2iiW7bM9Blsi57VxVHeJkSgky1HvFj24/ZmmIkWaCKtVx7ER7Eyo1ZwKnhW6qMKFsRAfYMTSiISpvMj90Sk6M0idBLE1FmszV5YkJDZUah77pDKkeqt/eTPzL66Q6uPQmPEpSjRFbLApSQXRMZl+TPpfItBgbQpnk5lbChlRSpk02BRPC96fkf9I8KzvVcqVRKdWuszjycATHcAoOXEANbqEOLjBAeIRneLHurSfr1XpbtOasbOYQfsB6/wLRW4zy</latexit>

U

<latexit sha1_base64="R2V55Z0o12cAslx3ZD1dDF1UCqA=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48RjAPSJYwO9ubDJl9ODMrhCU/4cWDIl79HW/+jZNkBRUtaCiquunu8hLBlbbtD6uwtLyyulZcL21sbm3vlHf32ipOJcMWi0Usux5VKHiELc21wG4ikYaewI43vpr5nXuUisfRrZ4k6IZ0GPGAM6qN1O37KDQdsEG5YlftOcg3cmo7F3WHOLlSgRzNQfm978csDTHSTFCleo6daDejUnMmcFrqpwoTysZ0iD1DIxqicrP5vVNyZBSfBLE0FWkyV79PZDRUahJ6pjOkeqR+ezPxL6+X6uDczXiUpBojtlgUpILomMyeJz6XyLSYGEKZ5OZWwkZUUqZNRCUTwten5H/SPqk69WrtplZpXOZxFOEADuEYHDiDBlxDE1rAQMADPMGzdWc9Wi/W66K1YOUz+/AD1tsnJumQCw==</latexit>

�c

in scaling laws:

<latexit sha1_base64="rzPYaoTgnZnhaoEqRKOGGNkhres="></latexit>

�c ⇠ (Dt)1/2 ⇠
⇣
D

x

U

⌘1/2

<latexit sha1_base64="JNeVfe8xWO7RfFSG+LJRFPxLC0Q=">AAACBnicdVBNS8NAEN3Ur1q/oh5FWCyCp5JIrQoeCl48VjBtoS1ls920SzfZsDtRSmgvXvwrXjwo4tXf4M1/4/ZDqKIPBh7vzTAzz48F1+A4n1ZmYXFpeSW7mltb39jcsrd3qlomijKPSiFV3SeaCR4xDzgIVo8VI6EvWM3vX4792i1TmsvoBgYxa4WkG/GAUwJGatv7MGoKFoDi3R4QpeTdqBkoQlM6TL1h2847BWcCPEdOHPe85GJ3puTRDJW2/dHsSJqELAIqiNYN14mhlRIFnAo2zDUTzWJC+6TLGoZGJGS6lU7eGOJDo3RwIJWpCPBEnZ9ISaj1IPRNZ0igp397Y/Evr5FAcNZKeRQnwCI6XRQkAoPE40xwhytGQQwMIVRxcyumPWJSAJNczoTw/Sn+n1SPC26pULwu5ssXsziyaA8doCPkolNURleogjxE0T16RM/oxXqwnqxX623amrFmM7voB6z3L0VwmkY=</latexit>

t $ c

U

exact solution ?

numerical estimate:                       m2/s
<latexit sha1_base64="R9Uw4z7tOngbU0wKMmJUxerlIGU=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVw4zCRWhVcFHThsoJ9QDuWTJppQ5PMkGQKZeifuHGhiFv/xJ1/Y/oQquiBC4dz7uXee8KEM218/9PJLS2vrK7l1wsbm1vbO+7uXl3HqSK0RmIeq2aINeVM0pphhtNmoigWIaeNcHA98RtDqjSL5b0ZJTQQuCdZxAg2Vuq47k1bMwFLHvIfshPkjztu0ff8KeACOfPRZRlBNFeKYI5qx/1od2OSCioN4VjrFvITE2RYGUY4HRfaqaYJJgPcoy1LJRZUB9n08jE8skoXRrGyJQ2cqosTGRZaj0RoOwU2ff3bm4h/ea3URBdBxmSSGirJbFGUcmhiOIkBdpmixPCRJZgoZm+FpI8VJsaGVbAhfH8K/yf1Uw+VvdJdqVi5mseRBwfgEBwDBM5BBdyCKqgBAobgETyDFydznpxX523WmnPmM/vgB5z3LzIrkhQ=</latexit>

D ⇠ 4.10�10 <latexit sha1_base64="ZVjVUmzxGAMg4LAGWvpX6Io3nvA=">AAAB7nicdVBNSwMxEJ2tX7V+VT16CRbBU9mVWhU8FLx4rOC2hXYp2TTbhibZJckKZemP8OJBEa/+Hm/+G9N2hSr6YODx3gwz88KEM21c99MprKyurW8UN0tb2zu7e+X9g5aOU0WoT2Ieq06INeVMUt8ww2knURSLkNN2OL6Z+e0HqjSL5b2ZJDQQeChZxAg2Vmr7Pc0E8vrlilt150BL5Nz1ruoe8nKlAjma/fJHbxCTVFBpCMdadz03MUGGlWGE02mpl2qaYDLGQ9q1VGJBdZDNz52iE6sMUBQrW9Kgubo8kWGh9USEtlNgM9K/vZn4l9dNTXQZZEwmqaGSLBZFKUcmRrPf0YApSgyfWIKJYvZWREZYYWJsQiUbwven6H/SOqt69WrtrlZpXOdxFOEIjuEUPLiABtxCE3wgMIZHeIYXJ3GenFfnbdFacPKZQ/gB5/0Lr7CPJA==</latexit>

U ⇠ 1 mm/s
<latexit sha1_base64="MbcSPG7k5l6cE5yuueUkmYWMrmI=">AAAB73icdVBNSwMxEJ2tX7V+VT16CRbBU9kVWxU8FLx4rGA/oF1KNs22oUl2TbJiWfonvHhQxKt/x5v/xrRdoYo+GHi8N8PMvCDmTBvX/XRyS8srq2v59cLG5tb2TnF3r6mjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLqa+q17qjSL5K0Zx9QXeCBZyAg2Vmo/dDUTqIJ6xZJbdmdAC6TiehdVD3mZUoIM9V7xo9uPSCKoNIRjrTueGxs/xcowwumk0E00jTEZ4QHtWCqxoNpPZ/dO0JFV+iiMlC1p0ExdnEix0HosAtspsBnq395U/MvrJCY891Mm48RQSeaLwoQjE6Hp86jPFCWGjy3BRDF7KyJDrDAxNqKCDeH7U/Q/aZ6UvWr59Oa0VLvM4sjDARzCMXhwBjW4hjo0gACHR3iGF+fOeXJenbd5a87JZvbhB5z3L0OPj3U=</latexit>

x ⇠ 5 cm
<latexit sha1_base64="vG1WhuVPMN93R81Lb9j2Uj/QAs0=">AAAB+nicdVDLSsNAFJ3UV62vVJduBovgqkxEq4KLghuXFewDmhAmk0k7dDIJMxOlxH6KGxeKuPVL3Pk3TtsIVfTAhcM593LvPUHKmdIIfVqlpeWV1bXyemVjc2t7x67udlSSSULbJOGJ7AVYUc4EbWumOe2lkuI44LQbjK6mfveOSsUScavHKfViPBAsYgRrI/l21Q0p19gnrmIxdBCCvl1DdTQDXCCnyLloONAplBoo0PLtDzdMSBZToQnHSvUdlGovx1Izwumk4maKppiM8ID2DRU4psrLZ6dP4KFRQhgl0pTQcKYuTuQ4VmocB6YzxnqofntT8S+vn+no3MuZSDNNBZkvijIOdQKnOcCQSUo0HxuCiWTmVkiGWGKiTVoVE8L3p/B/0jmuO436yc1JrXlZxFEG++AAHAEHnIEmuAYt0AYE3INH8AxerAfryXq13uatJauY2QM/YL1/Ac9wkww=</latexit>

�c ⇠ 100 µm



200 µm

80 µm
<latexit sha1_base64="+xRbDMdukhBwmy+bTWQuE2KAo98=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48JuAmgWQJs5PeZMzsg5lZIYR8gRcPinj1k7z5N06SFaJoQUNR1U13l58IrrRtf1q5ldW19Y38ZmFre2d3r7h/0FRxKhm6LBaxbPtUoeARupprge1EIg19gS1/dDPzWw8oFY+jOz1O0AvpIOIBZ1QbqeH2iiW7bM9Blsi57VxVHeJkSgky1HvFj24/ZmmIkWaCKtVx7ER7Eyo1ZwKnhW6qMKFsRAfYMTSiISpvMj90Sk6M0idBLE1FmszV5YkJDZUah77pDKkeqt/eTPzL66Q6uPQmPEpSjRFbLApSQXRMZl+TPpfItBgbQpnk5lbChlRSpk02BRPC96fkf9I8KzvVcqVRKdWuszjycATHcAoOXEANbqEOLjBAeIRneLHurSfr1XpbtOasbOYQfsB6/wLRW4zy</latexit>

U

<latexit sha1_base64="+xRbDMdukhBwmy+bTWQuE2KAo98=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48JuAmgWQJs5PeZMzsg5lZIYR8gRcPinj1k7z5N06SFaJoQUNR1U13l58IrrRtf1q5ldW19Y38ZmFre2d3r7h/0FRxKhm6LBaxbPtUoeARupprge1EIg19gS1/dDPzWw8oFY+jOz1O0AvpIOIBZ1QbqeH2iiW7bM9Blsi57VxVHeJkSgky1HvFj24/ZmmIkWaCKtVx7ER7Eyo1ZwKnhW6qMKFsRAfYMTSiISpvMj90Sk6M0idBLE1FmszV5YkJDZUah77pDKkeqt/eTPzL66Q6uPQmPEpSjRFbLApSQXRMZl+TPpfItBgbQpnk5lbChlRSpk02BRPC96fkf9I8KzvVcqVRKdWuszjycATHcAoOXEANbqEOLjBAeIRneLHurSfr1XpbtOasbOYQfsB6/wLRW4zy</latexit>

U

<latexit sha1_base64="+xRbDMdukhBwmy+bTWQuE2KAo98=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48JuAmgWQJs5PeZMzsg5lZIYR8gRcPinj1k7z5N06SFaJoQUNR1U13l58IrrRtf1q5ldW19Y38ZmFre2d3r7h/0FRxKhm6LBaxbPtUoeARupprge1EIg19gS1/dDPzWw8oFY+jOz1O0AvpIOIBZ1QbqeH2iiW7bM9Blsi57VxVHeJkSgky1HvFj24/ZmmIkWaCKtVx7ER7Eyo1ZwKnhW6qMKFsRAfYMTSiISpvMj90Sk6M0idBLE1FmszV5YkJDZUah77pDKkeqt/eTPzL66Q6uPQmPEpSjRFbLApSQXRMZl+TPpfItBgbQpnk5lbChlRSpk02BRPC96fkf9I8KzvVcqVRKdWuszjycATHcAoOXEANbqEOLjBAeIRneLHurSfr1XpbtOasbOYQfsB6/wLRW4zy</latexit>

U

<latexit sha1_base64="R2V55Z0o12cAslx3ZD1dDF1UCqA=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48RjAPSJYwO9ubDJl9ODMrhCU/4cWDIl79HW/+jZNkBRUtaCiquunu8hLBlbbtD6uwtLyyulZcL21sbm3vlHf32ipOJcMWi0Usux5VKHiELc21wG4ikYaewI43vpr5nXuUisfRrZ4k6IZ0GPGAM6qN1O37KDQdsEG5YlftOcg3cmo7F3WHOLlSgRzNQfm978csDTHSTFCleo6daDejUnMmcFrqpwoTysZ0iD1DIxqicrP5vVNyZBSfBLE0FWkyV79PZDRUahJ6pjOkeqR+ezPxL6+X6uDczXiUpBojtlgUpILomMyeJz6XyLSYGEKZ5OZWwkZUUqZNRCUTwten5H/SPqk69WrtplZpXOZxFOEADuEYHDiDBlxDE1rAQMADPMGzdWc9Wi/W66K1YOUz+/AD1tsnJumQCw==</latexit>

�c

<latexit sha1_base64="QSv29EZ/eoC5d5WEU19h4rWStUg="></latexit>

@c

@t
+ u ·rc = D�c

<latexit sha1_base64="FO5OAEsMBdylDAHzKylaERyzeww=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48JmAekCxhdtKbjJl9MDMrhCVf4MWDIl79JG/+jZNkhSha0FBUddPd5cWCK23bn1ZuZXVtfSO/Wdja3tndK+4ftFSUSIZNFolIdjyqUPAQm5prgZ1YIg08gW1vfDPz2w8oFY/COz2J0Q3oMOQ+Z1QbqdHuF0t22Z6DLJFz27mqOsTJlBJkqPeLH71BxJIAQ80EVarr2LF2Uyo1ZwKnhV6iMKZsTIfYNTSkASo3nR86JSdGGRA/kqZCTebq8kRKA6UmgWc6A6pH6rc3E//yuon2L92Uh3GiMWSLRX4iiI7I7Gsy4BKZFhNDKJPc3ErYiErKtMmmYEL4/pT8T1pnZadarjQqpdp1FkcejuAYTsGBC6jBLdShCQwQHuEZXqx768l6td4WrTkrmzmEH7DevwDUY4z0</latexit>

W we consider
<latexit sha1_base64="MLsAzPjEilGF/+wzIbr8FzvTLVA=">AAAB9HicdVBNS8NAEN3Ur1q/qh69LBbBU0mkVgUPBS8eK9gPaELZbCbt0s0m7m4KJfR3ePGgiFd/jDf/jds2QhV9MPB4b4aZeX7CmdK2/WkVVlbX1jeKm6Wt7Z3dvfL+QVvFqaTQojGPZdcnCjgT0NJMc+gmEkjkc+j4o5uZ3xmDVCwW93qSgBeRgWAho0QbyXMD4Jr0qcs57vTLFbtqz4GXyLntXNUd7ORKBeVo9ssfbhDTNAKhKSdK9Rw70V5GpGaUw7TkpgoSQkdkAD1DBYlAedn86Ck+MUqAw1iaEhrP1eWJjERKTSLfdEZED9Vvbyb+5fVSHV56GRNJqkHQxaIw5VjHeJYADpgEqvnEEEIlM7diOiSSUG1yKpkQvj/F/5P2WdWpV2t3tUrjOo+jiI7QMTpFDrpADXSLmqiFKHpAj+gZvVhj68l6td4WrQUrnzlEP2C9fwF6hJHo</latexit>

�c ⌧ W

⇒ BCs: <latexit sha1_base64="CQyy8jLzHf5cAXpdUwl7AxAwcjM=">AAAB+XicdVDLSgNBEJyNrxhfqx69DAYhHgy7EqOCgYAXjxHMA5IQZiezyZDZ2WWmN7As+RMvHhTx6p9482+cPIQoWtBQVHXT3eVFgmtwnE8rs7K6tr6R3cxtbe/s7tn7Bw0dxoqyOg1FqFoe0UxwyerAQbBWpBgJPMGa3uh26jfHTGkeygdIItYNyEByn1MCRurZNi0klbMOlz4kpxXac3p23ik6M+AlcuG412UXuwsljxao9eyPTj+kccAkUEG0brtOBN2UKOBUsEmuE2sWEToiA9Y2VJKA6W46u3yCT4zSx36oTEnAM3V5IiWB1kngmc6AwFD/9qbiX147Bv+qm3IZxcAknS/yY4EhxNMYcJ8rRkEkhhCquLkV0yFRhIIJK2dC+P4U/08a50W3XCzdl/LVm0UcWXSEjlEBuegSVdEdqqE6omiMHtEzerFS68l6td7mrRlrMXOIfsB6/wIiY5Kw</latexit>

c(y = �1) = c0

<latexit sha1_base64="J8XfmYAZmlo13ofuAWYGXOMFAV4=">AAAB9HicdVBNS8NAEJ3Ur1q/qh69LBahXkoitSpYKHjxWMF+QBvKZrtpl242cXdTCKW/w4sHRbz6Y7z5b9y2Earog4HHezPMzPMizpS27U8rs7K6tr6R3cxtbe/s7uX3D5oqjCWhDRLyULY9rChngjY005y2I0lx4HHa8kY3M781plKxUNzrJKJugAeC+YxgbSSXFJNqlwlfJ6dVu5cv2CV7DrREzm3nquIgJ1UKkKLey390+yGJAyo04VipjmNH2p1gqRnhdJrrxopGmIzwgHYMFTigyp3Mj56iE6P0kR9KU0Kjubo8McGBUkngmc4A66H67c3Ev7xOrP1Ld8JEFGsqyGKRH3OkQzRLAPWZpETzxBBMJDO3IjLEEhNtcsqZEL4/Rf+T5lnJqZTKd+VC7TqNIwtHcAxFcOACanALdWgAgQd4hGd4scbWk/VqvS1aM1Y6cwg/YL1/AcR9kXI=</latexit>

c(y = 1) = 0

steady flow

Hypothesis wall effects neglected:
<latexit sha1_base64="RGmcLp5r8MQom7aJcmP+hBEiTbc="></latexit>

u = Uex ) u ·rc = U
@c

@x
<latexit sha1_base64="GALeLtVvQ9AhhhEnTKH0KZcSV2Q="></latexit>

U
@c

@x
= D

✓
@2c

@x2
+

@2c

@y2

◆



neglecting          over         ?
<latexit sha1_base64="Jyz4Op7pMaY+2ELVSEPBD8I+c/w=">AAACC3icdVDLSgMxFM3UV62vUZduQovgqsyUWhVcFNy4rGAf0JmWTJppQzOZIcmIZejejb/ixoUibv0Bd/6NmXaUKnogcHLOvTe5x4sYlcqyPozc0vLK6lp+vbCxubW9Y+7utWQYC0yaOGSh6HhIEkY5aSqqGOlEgqDAY6TtjS9Sv31DhKQhv1aTiLgBGnLqU4yUlvpm0fEFwokTIaEoYr0KxNPvG7ztVaawb5assjUDXCDHln1Ws6GdKSWQodE3351BiOOAcIUZkrJrW5Fyk3QmZmRacGJJIoTHaEi6mnIUEOkms12m8FArA+iHQh+u4Exd7EhQIOUk8HRlgNRI/vZS8S+vGyv/1E0oj2JFOJ4/5McMqhCmwcABFQQrNtEEYUH1XyEeIR2O0vEVdAhfm8L/SatStmvl6lW1VD/P4siDA1AER8AGJ6AOLkEDNAEGd+ABPIFn4954NF6M13lpzsh69sEPGG+f4Eua7Q==</latexit>

@2c

@x2

<latexit sha1_base64="SQwWPESzmWfytEuwyB5NEmdHR/0="></latexit>

x

U
⌧ x2

D
, Pe =

Ux

D
� 1 Peclet number

remains:
<latexit sha1_base64="bzxt3ohzFrwPFmMQ24wWHSTVDf8="></latexit>

@c

@x
=

D

U

@2c

@y2
⇒ same solution as before with 

<latexit sha1_base64="hhSy/9g5kPuMkU9jdGReUGUbfgw=">AAACBnicdVDLSsNAFJ3UV62vqEsRBotQN21SalVQKOjCZQVbC00tk+mkHTp5MDORhpCVG3/FjQtF3PoN7vwbp22EKnrgwuGce7n3HjtgVEjD+NQyc/MLi0vZ5dzK6tr6hr651RR+yDFpYJ/5vGUjQRj1SENSyUgr4AS5NiM39vB87N/cES6o713LKCAdF/U96lCMpJK6+q41ovAMWg5HOI6SuFy4GJUaB7exWSonSVfPG0VjAjhDDg3zpGpCM1XyIEW9q39YPR+HLvEkZkiItmkEshMjLilmJMlZoSABwkPUJ21FPeQS0YknbyRwXyk96PhclSfhRJ2diJErROTaqtNFciB+e2PxL68dSue4E1MvCCXx8HSREzIofTjOBPYoJ1iySBGEOVW3QjxAKhGpksupEL4/hf+TZrloVouVq0q+dprGkQU7YA8UgAmOQA1cgjpoAAzuwSN4Bi/ag/akvWpv09aMls5sgx/Q3r8AMZCXrA==</latexit>

⇠ =
y

2(Dx/U)1/2

<latexit sha1_base64="omqxEjKAjJhbFaKPSbVfw30juRQ="></latexit>

c(x, y) =
c0
2

✓
1� erf

✓
y

2(Dx/U)1/2

◆◆

<latexit sha1_base64="m0BNnhuXm6Fv2aH3f+TZgIcRMW0=">AAACCXicdVDLSsNAFJ3UV62vqEs3g0VwVZKgUcFFwY3LCvYBTVom00k7dPJgZiKEkK0bf8WNC0Xc+gfu/BsnbRQVPTBw5px778w9XsyokIbxrlUWFpeWV6qrtbX1jc0tfXunI6KEY9LGEYt4z0OCMBqStqSSkV7MCQo8Rrre9KLwuzeECxqF1zKNiRugcUh9ipFU0lCHjs8RzpwYcUkRG1g4/7rAdGDlQ71uNIwZ4JyYliLHhnlm29AsrToo0Rrqb84owklAQokZEqJvGrF0s2IkZiSvOYkgMcJTNCZ9RUMUEOFms01yeKCUEfQjrk4o4Uz93pGhQIg08FRlgORE/PYK8S+vn0j/1M1oGCeShHj+kJ8wKCNYxAJHlBMsWaoIwpyqv0I8QSoaqcKrqRA+N4X/k47VMO2GfXVUb56XcVTBHtgHh8AEJ6AJLkELtAEGt+AePIIn7U570J61l3lpRSt7dsEPaK8fLUWapA==</latexit>

ω2c

ωy2

length scale for  
<latexit sha1_base64="ULnE63KM+nczqDUfjhE//698hQo="></latexit>

y →
(
D

x

U

)1/2

<latexit sha1_base64="VjZ+g8gpBbGX+G8f9x3kYlc0qqU=">AAACLHicfVDLSsNAFJ34rPUVdelmsAiuShI0KrgodOOygn1Ak5bJdNIOnTyYmYgh9IPc+CuCuLCIW7/DSRtFRb0wcOacc+/MPV7MqJCGMdUWFpeWV1ZLa+X1jc2tbX1ntyWihGPSxBGLeMdDgjAakqakkpFOzAkKPEba3rie6+0bwgWNwmuZxsQN0DCkPsVIKqqv1x2fI5w5MeKSItaz8OTzAm971sRh7D9Lqix9vWJUjVnBOTAtBU4M89y2oVlIFVBUo68/OoMIJwEJJWZIiK5pxNLN8pGYkUnZSQSJER6jIekqGKKACDebLTuBh4oZQD/i6oQSztivHRkKhEgDTzkDJEfip5aTv2ndRPpnbkbDOJEkxPOH/IRBGcE8OTignGDJUgUQ5lT9FeIRUtFIlW9ZhfCxKfwbtKyqaVftq+NK7aKIowT2wQE4AiY4BTVwCRqgCTC4Aw/gGUy1e+1Je9Fe59YFrejZA99Ke3sH1wupyw==</latexit>

ω2c

ωx2
→ ω2c

ωy2
if

<latexit sha1_base64="aO1Z/6Ib2z5AvehXFqTfFk6RdFI="></latexit>

x →
(
D

x

U

)1/2



Analogy boundary layer in fluids

<latexit sha1_base64="+xRbDMdukhBwmy+bTWQuE2KAo98=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48JuAmgWQJs5PeZMzsg5lZIYR8gRcPinj1k7z5N06SFaJoQUNR1U13l58IrrRtf1q5ldW19Y38ZmFre2d3r7h/0FRxKhm6LBaxbPtUoeARupprge1EIg19gS1/dDPzWw8oFY+jOz1O0AvpIOIBZ1QbqeH2iiW7bM9Blsi57VxVHeJkSgky1HvFj24/ZmmIkWaCKtVx7ER7Eyo1ZwKnhW6qMKFsRAfYMTSiISpvMj90Sk6M0idBLE1FmszV5YkJDZUah77pDKkeqt/eTPzL66Q6uPQmPEpSjRFbLApSQXRMZl+TPpfItBgbQpnk5lbChlRSpk02BRPC96fkf9I8KzvVcqVRKdWuszjycATHcAoOXEANbqEOLjBAeIRneLHurSfr1XpbtOasbOYQfsB6/wLRW4zy</latexit>

U

<latexit sha1_base64="Lmf1hHSctY712f5VvyKwkEVK5SA="></latexit>

�v ⇠
⇣
⌫
x

U

⌘1/2



2.3 Measuring a diffusion coefficient ?

<latexit sha1_base64="IGWO2KEmNoV8z0/qWLEzG/jNJ9g=">AAACMXicdVDLSgMxFM34rPU16tJNsAgupMyUWhUUCm66rNBWodOWO2nGhmYeJBmhDvNLbvwTcdOFIm79CdOH2IoeCBzOOTfJPW7EmVSWNTQWFpeWV1Yza9n1jc2tbXNntyHDWBBaJyEPxa0LknIW0LpiitPbSFDwXU5v3P7VyL+5p0KyMKipQURbPtwFzGMElJY6ZsXxBJDEiUAoBhzX0h+uUnyJHeBRD5zj+Vy7MBt8aBfSjpmz8tYYeIacWPZ5ycb2VMmhKaod89nphiT2aaAIBymbthWpVjK6knCaZp1Y0ghIH+5oU9MAfCpbyXjjFB9qpYu9UOgTKDxWZycS8KUc+K5O+qB68rc3Ev/ymrHyzloJC6JY0YBMHvJi3UWIR/XhLhOUKD7QBIhg+q+Y9EBXo3TJWV3C96b4f9Io5O1SvnhdzJUvpnVk0D46QEfIRqeojCqoiuqIoEf0gl7Rm/FkDI1342MSXTCmM3toDsbnF4t2qwU=</latexit>

@T

@t
= ↵

@2T

@z2

<latexit sha1_base64="jYwZIR0CEKhXCsbZUf8rDVG/vmk=">AAAB7XicdVBNSwMxEM3Wr1q/qh69BIvgqeyKVgUPBS8eK9gPaJeSzWbb2GyyJLNCWfofvHhQxKv/x5v/xrRdoYo+GHi8N8PMvCAR3IDrfjqFpeWV1bXiemljc2t7p7y71zIq1ZQ1qRJKdwJimOCSNYGDYJ1EMxIHgrWD0fXUbz8wbbiSdzBOmB+TgeQRpwSs1OqFTADplytu1Z0BL5Az17usedjLlQrK0eiXP3qhomnMJFBBjOl6bgJ+RjRwKtik1EsNSwgdkQHrWipJzIyfza6d4COrhDhS2pYEPFMXJzISGzOOA9sZExia395U/MvrphBd+BmXSQpM0vmiKBUYFJ6+jkOuGQUxtoRQze2tmA6JJhRsQCUbwven+H/SOql6terp7WmlfpXHUUQH6BAdIw+dozq6QQ3URBTdo0f0jF4c5Tw5r87bvLXg5DP76Aec9y+xuo81</latexit>

�

<latexit sha1_base64="dBrfHR1FM9oiMmvzcSnuZGH+JhU=">AAACEXicdVA9SwNBEN3zM8avqKXNYhBSSLiTGBUsAjaWERIN5GKY28wli7t3x+6eEI78BRv/io2FIrZ2dv4bNzGCij4YeLw3w8y8IBFcG9d9d2Zm5+YXFnNL+eWV1bX1wsbmhY5TxbDJYhGrVgAaBY+wabgR2EoUggwEXgbXp2P/8gaV5nHUMMMEOxL6EQ85A2OlbqHkxxL7QBvU11xSH0QyAH/PDxWwrDHK/B4KA1f7o26h6JbdCeg3cuB6x1WPelOlSKaodwtvfi9mqcTIMAFatz03MZ0MlOFM4CjvpxoTYNfQx7alEUjUnWzy0YjuWqVHw1jZigydqN8nMpBaD2VgOyWYgf7tjcW/vHZqwqNOxqMkNRixz0VhKqiJ6Tge2uMKmRFDS4Apbm+lbAA2DGNDzNsQvj6l/5OL/bJXLVfOK8XayTSOHNkmO6REPHJIauSM1EmTMHJL7skjeXLunAfn2Xn5bJ1xpjNb5Aec1w8NYp0u</latexit>

!T ⇠ ↵
T

�2

in scaling laws ?

<latexit sha1_base64="S+53YCqmLj/XOjalu4pG/UOVJy0="></latexit>

� ⇠ (↵/!)1/2



Exact solution
<latexit sha1_base64="IGWO2KEmNoV8z0/qWLEzG/jNJ9g=">AAACMXicdVDLSgMxFM34rPU16tJNsAgupMyUWhUUCm66rNBWodOWO2nGhmYeJBmhDvNLbvwTcdOFIm79CdOH2IoeCBzOOTfJPW7EmVSWNTQWFpeWV1Yza9n1jc2tbXNntyHDWBBaJyEPxa0LknIW0LpiitPbSFDwXU5v3P7VyL+5p0KyMKipQURbPtwFzGMElJY6ZsXxBJDEiUAoBhzX0h+uUnyJHeBRD5zj+Vy7MBt8aBfSjpmz8tYYeIacWPZ5ycb2VMmhKaod89nphiT2aaAIBymbthWpVjK6knCaZp1Y0ghIH+5oU9MAfCpbyXjjFB9qpYu9UOgTKDxWZycS8KUc+K5O+qB68rc3Ev/ymrHyzloJC6JY0YBMHvJi3UWIR/XhLhOUKD7QBIhg+q+Y9EBXo3TJWV3C96b4f9Io5O1SvnhdzJUvpnVk0D46QEfIRqeojCqoiuqIoEf0gl7Rm/FkDI1342MSXTCmM3toDsbnF4t2qwU=</latexit>

@T

@t
= ↵

@2T

@z2

Solution of the form                                                    ?
<latexit sha1_base64="lzHOu2JQ8atJBIN8ft2s/UNKS3s="></latexit>

T (z, t) = Re
�
T0 + T ⇤(z)ei!t

�

<latexit sha1_base64="gsNQ62y17UMoYTm1UI+DtxLcH7M="></latexit>

@T

@t
= i!T ⇤(z)ei!t

<latexit sha1_base64="pjvdgu7N0Qata0ktzgOAZVmiU1g="></latexit>

@2T

@z2
= T ⇤00(z)ei!t

<latexit sha1_base64="fO/PdvgzXgNP/R6+SkiLw1vNV1k="></latexit>

T ⇤00(z)� i
!

↵
T ⇤ = 0

<latexit sha1_base64="9RGXZEVW1WSefZBnHx22E57h3gs=">AAACE3icdVDLSgNBEJz1bXxFPXoZDIJ4CLsSX6AQ8OIxgolCNobeSW8yZPbBzKwQlvUbvPgrXjwo4tWLN//GSbKCihY0FFXddHd5seBK2/aHNTE5NT0zOzdfWFhcWl4prq41VJRIhnUWiUheeaBQ8BDrmmuBV7FECDyBl17/dOhf3qBUPAov9CDGVgDdkPucgTZSu7hzQl1fAkvdKMAuZKkLIu5Bhtcpz42YZ+lult22iyW7bI9Av5E92znad6iTKyWSo9YuvrudiCUBhpoJUKrp2LFupSA1ZwKzgpsojIH1oYtNQ0MIULXS0U8Z3TJKh/qRNBVqOlK/T6QQKDUIPNMZgO6p395Q/MtrJto/bKU8jBONIRsv8hNBdUSHAdEOl8i0GBgCTHJzK2U9MEloE2PBhPD1Kf2fNHbLzn65cl4pVY/zOObIBtkk28QhB6RKzkiN1Akjd+SBPJFn6956tF6s13HrhJXPrJMfsN4+Acsnn2U=</latexit>

=
!

↵
ei

⇡
2

<latexit sha1_base64="vxi9wVeE/zeIS0a061PBXrELWtY="></latexit>

)
⇣
i
!

↵

⌘1/2
= ±

r
!

↵
ei

⇡
4 = ±

r
!

2↵
(1 + i)

<latexit sha1_base64="kj1RVE51LmzkfQ+HNcfiFh/no8I="></latexit>

T ⇤(z) = A exp

✓r
!

2↵
(1 + i)z

◆
+B exp

✓
�
r

!

2↵
(1 + i)z

◆



<latexit sha1_base64="1tpq5RftXjk5V18CPN4EsNC0/kE=">AAAB+XicdVDLSgNBEJz1GeNr1aOXwSBED2FXYlTwEPDiMUJekI1hdjKbDJmdXWZ6A3HJn3jxoIhX/8Sbf+PkIUTRgoaiqpvuLj8WXIPjfFpLyyura+uZjezm1vbOrr23X9dRoiir0UhEqukTzQSXrAYcBGvGipHQF6zhD24mfmPIlOaRrMIoZu2Q9CQPOCVgpI5tV+9P8w8eRB6XAYxOcMfOOQVnCrxAzh33quRid67k0ByVjv3hdSOahEwCFUTrluvE0E6JAk4FG2e9RLOY0AHpsZahkoRMt9Pp5WN8bJQuDiJlSgKeqosTKQm1HoW+6QwJ9PVvbyL+5bUSCC7bKZdxAkzS2aIgERgiPIkBd7liFMTIEEIVN7di2ieKUDBhZU0I35/i/0n9rOCWCsW7Yq58PY8jgw7REcojF12gMrpFFVRDFA3RI3pGL1ZqPVmv1tusdcmazxygH7DevwCFAZLw</latexit>

T ⇤(z ! 1) finite
<latexit sha1_base64="FrS7VOU/eG/jHFLtB8/Va4GOxho=">AAAB+HicdVBNS8NAEJ3Ur1o/GvXoZbEInkoitSooVLx4rGI/oA1ls922SzebsLtRaugv8eJBEa/+FG/+G7dthCr6YODx3gwz8/yIM6Ud59PKLCwuLa9kV3Nr6xubeXtru67CWBJaIyEPZdPHinImaE0zzWkzkhQHPqcNf3g58Rt3VCoWils9iqgX4L5gPUawNlLHzrdvWH+gsZThPbo4dzp2wSk6U6A5cuS4p2UXualSgBTVjv3R7oYkDqjQhGOlWq4TaS/BUjPC6TjXjhWNMBniPm0ZKnBAlZdMDx+jfaN0US+UpoRGU3V+IsGBUqPAN50B1gP125uIf3mtWPdOvISJKNZUkNmiXsyRDtEkBdRlkhLNR4ZgIpm5FZEBlphok1XOhPD9Kfqf1A+LbrlYui4VKmdpHFnYhT04ABeOoQJXUIUaEIjhEZ7hxXqwnqxX623WmrHSmR34Aev9CwiCkq0=</latexit>

) A = 0

<latexit sha1_base64="kV2Se1HcqEyDbnqknFIiOC35PwQ=">AAACCXicdZDLSgMxFIYz9VbrbdSlm2ARqosyI7UqWCi6cVmlN2jHIZNm2tDMhSSj1KEu3fgqblwo4tY3cOfbmLYjVNEfAj/fOYeT8zsho0IaxqeWmpmdm19IL2aWlldW1/T1jboIIo5JDQcs4E0HCcKoT2qSSkaaISfIcxhpOP2zUb1xTbiggV+Vg5BYHur61KUYSYVsHVav9nK3JWMXlmDVNu/al7Tbk4jz4AaelhSx9ayRN8aCU+bAMI+LJjQTkgWJKrb+0e4EOPKILzFDQrRMI5RWjLikmJFhph0JEiLcR13SUtZHHhFWPL5kCHcU6UA34Or5Eo7p9ESMPCEGnqM6PSR74ndtBP+qtSLpHlkx9cNIEh9PFrkRgzKAo1hgh3KCJRsogzCn6q8Q9xBHWKrwMiqE70vh/6a+nzeL+cJFIVs+SeJIgy2wDXLABIegDM5BBdQABvfgETyDF+1Be9JetbdJa0pLZjbBD2nvX/kul/8=</latexit>

T ⇤(z = 0) = T1 ) B = T1

<latexit sha1_base64="TbQU2+Vvv5/d4uBwAmSHaXtHvRE="></latexit>

T (z, t) = Re


T0 + T1 exp

✓
�
r

!

2↵
z

◆
ei(!t�

p
!
2↵ z)

�

<latexit sha1_base64="cmi587P7xgx+f/56ufVssgSojZM="></latexit>

T (z, t) = T0 + T1 exp

✓
�
r

!

2↵
z

◆
cos

✓
!t�

r
!

2↵
z

◆

attenuation phase lag

attenuation depth

numerical estimate:
<latexit sha1_base64="zrl7n3GAr81SuSFwargG5KlaVbk=">AAAB/nicdVDLSgMxFM3UV62vUXHlJlgENw4z0oeCi4IblxXsAzpjyaRpG5pkhiQjlKHgr7hxoYhbv8Odf2PajlBFD1w4nHMv994Txowq7bqfVm5peWV1Lb9e2Njc2t6xd/eaKkokJg0csUi2Q6QIo4I0NNWMtGNJEA8ZaYWjq6nfuidS0Ujc6nFMAo4GgvYpRtpIXfvARyweIugrymHZ8dy79LQ66dpF13FngAuk7HoXFQ96mVIEGepd+8PvRTjhRGjMkFIdz411kCKpKWZkUvATRWKER2hAOoYKxIkK0tn5E3hslB7sR9KU0HCmLk6kiCs15qHp5EgP1W9vKv7ldRLdPw9SKuJEE4Hni/oJgzqC0yxgj0qCNRsbgrCk5laIh0girE1iBRPC96fwf9I8c7yKU7opFWuXWRx5cAiOwAnwQBXUwDWogwbAIAWP4Bm8WA/Wk/Vqvc1bc1Y2sw9+wHr/AjdxlFs=</latexit>

↵ ⇠ 5.10�7 m2/s
<latexit sha1_base64="sSpa55wP9w5llin8C0Yhe+B6m/U="></latexit>

!1 day =
2⇡

24⇥ 3600
= 7.3 10�5 rad/s cm

<latexit sha1_base64="NZ3xD2qqiyCPD53BXJA9R8iAuXk=">AAACB3icdVDJSgNBEO2JW4xb1KMgjUHwEMNMiImCQsCLxwhmgcw49HQqSZOehe4eIQy5efFXvHhQxKu/4M2/sbMIUfRBweO9KqrqeRFnUpnmp5FaWFxaXkmvZtbWNza3sts7DRnGgkKdhjwULY9I4CyAumKKQysSQHyPQ9MbXI795h0IycLgRg0jcHzSC1iXUaK05Gb37dCHHnETy84PgYgRvigWKnbeMm+T48rIzebMgjkBniMnpnVWtrA1U3Johpqb/bA7IY19CBTlRMq2ZUbKSYhQjHIYZexYQkTogPSgrWlAfJBOMvljhA+10sHdUOgKFJ6o8xMJ8aUc+p7u9Inqy9/eWPzLa8eqe+okLIhiBQGdLurGHKsQj0PBHSaAKj7UhFDB9K2Y9okgVOnoMjqE70/x/6RRLFjlQum6lKuez+JIoz10gI6QhSqoiq5QDdURRffoET2jF+PBeDJejbdpa8qYzeyiHzDevwBWhZet</latexit>

!1 year = 2.7 10�7rad/s

<latexit sha1_base64="MQDjGg6uCpi6pVbPt//DWhGXjW0=">AAACAnicdVDLSgNBEJyNrxhfq57Ey2AQPIVdiVHBQ8CLxyjmAdklzM5OkiGzD2Z6lbBEL/6KFw+KePUrvPk3TpIVomhBQ1HVTXeXFwuuwLI+jdzc/MLiUn65sLK6tr5hbm41VJRIyuo0EpFseUQxwUNWBw6CtWLJSOAJ1vQG52O/ecOk4lF4DcOYuQHphbzLKQEtdcwd54r3+kCkjG7vHJ8JII7iAbatjlm0StYEeIYcWfZpxcZ2phRRhlrH/HD8iCYBC4EKolTbtmJwUyKBU8FGBSdRLCZ0QHqsrWlIAqbcdPLCCO9rxcfdSOoKAU/U2YmUBEoNA093BgT66rc3Fv/y2gl0T9yUh3ECLKTTRd1EYIjwOA/sc8koiKEmhEqub8W0TyShoFMr6BC+P8X/k8Zhya6UypflYvUsiyOPdtEeOkA2OkZVdIFqqI4oukeP6Bm9GA/Gk/FqvE1bc0Y2s41+wHj/AjhXl00=</latexit>

) � ⇠ 10

<latexit sha1_base64="UePyNOeHELhjIq6yuaq5tgvDwaE=">AAACAXicdVDLSgNBEJz1GeNr1YvgZTAInsJuiFHBQ8CLxyjmAdklzM5OkiGzD2Z6lbAkF3/FiwdFvPoX3vwbJ8kKUbSgoajqprvLiwVXYFmfxsLi0vLKam4tv76xubVt7uw2VJRIyuo0EpFseUQxwUNWBw6CtWLJSOAJ1vQGlxO/ecek4lF4C8OYuQHphbzLKQEtdcx954b3+kCkjO7Hjs8EEEfxAJc6ZsEqWlPgOXJi2ecVG9uZUkAZah3zw/EjmgQsBCqIUm3bisFNiQROBRvlnUSxmNAB6bG2piEJmHLT6QcjfKQVH3cjqSsEPFXnJ1ISKDUMPN0ZEOir395E/MtrJ9A9c1MexgmwkM4WdROBIcKTOLDPJaMghpoQKrm+FdM+kYSCDi2vQ/j+FP9PGqWiXSmWr8uF6kUWRw4doEN0jGx0iqroCtVQHVE0Ro/oGb0YD8aT8Wq8zVoXjGxmD/2A8f4FwnyXFA==</latexit>

) � ⇠ 2 m

<latexit sha1_base64="Luo1ggHuofhll+30AGbBEcrw1dI="></latexit>

ω =

√
2ε

ϑ


