
Transport phenomena

3. Forced convection
<latexit sha1_base64="f0ndharqWSDvMw24Dj8CrzQOlv4=">AAACAnicdVBNS8NAEN3Ur1q/op7Ey2IRPJSSSK0KHgpeeqzQtIW2hM120y7dbMLuRgihePGvePGgiFd/hTf/jds2YhV9MPB4b4aZeV7EqFSW9WHklpZXVtfy64WNza3tHXN3ryXDWGDi4JCFouMhSRjlxFFUMdKJBEGBx0jbG19P/fYtEZKGvKmSiPQDNOTUpxgpLbnmgeP2KPdVUuqVmt9UuHXXLFplawa4QM4s+7JqQztTiiBDwzXfe4MQxwHhCjMkZde2ItVPkVAUMzIp9GJJIoTHaEi6mnIUENlPZy9M4LFWBtAPhS6u4ExdnEhRIGUSeLozQGokf3tT8S+vGyv/op9SHsWKcDxf5McMqhBO84ADKghWLNEEYUH1rRCPkEBY6dQKOoSvT+H/pHVatqvlyk2lWLvK4siDQ3AEToANzkEN1EEDOACDO/AAnsCzcW88Gi/G67w1Z2Qz++AHjLdPQa6Wsg==</latexit>

U1, T1, rH
<latexit sha1_base64="FJ4qW5KTPYzHRhRURBS+RVUfYSQ=">AAAB8XicdVBNS8NAEJ3Ur1q/qh69LBbBU0mkVgXBghfxVKFf2Iay2W7apZtN2N0IJeRfePGgiFf/jTf/jds2QhV9MPB4b4aZeV7EmdK2/WnllpZXVtfy64WNza3tneLuXkuFsSS0SUIeyo6HFeVM0KZmmtNOJCkOPE7b3vh66rcfqFQsFA09iagb4KFgPiNYG+k+6Xk+uk37jat+sWSX7RnQAjm1nYuqg5xMKUGGer/40RuEJA6o0IRjpbqOHWk3wVIzwmla6MWKRpiM8ZB2DRU4oMpNZhen6MgoA+SH0pTQaKYuTiQ4UGoSeKYzwHqkfntT8S+vG2v/3E2YiGJNBZkv8mOOdIim76MBk5RoPjEEE8nMrYiMsMREm5AKJoTvT9H/pHVSdqrlyl2lVLvM4sjDARzCMThwBjW4gTo0gYCAR3iGF0tZT9ar9TZvzVnZzD78gPX+Be+jkG8=</latexit>

JT ?
<latexit sha1_base64="m8u2+FGLZaJ5Ud6g1VjGqxS2bzY=">AAAB+XicdVDLSgNBEOyNrxhfqx69DAbBU9gNMSoIBrwEL0YwD0jCMjuZTYbMPpiZDYRl/8SLB0W8+ife/BsnyQpRtKChqOqmu8uNOJPKsj6N3Mrq2vpGfrOwtb2zu2fuH7RkGAtCmyTkoei4WFLOAtpUTHHaiQTFvstp2x3fzPz2hArJwuBBTSPa9/EwYB4jWGnJMc2k53roNnWSulNGd+m1YxatkjUHWiJnln1ZtZGdKUXI0HDMj94gJLFPA0U4lrJrW5HqJ1goRjhNC71Y0giTMR7SrqYB9qnsJ/PLU3SilQHyQqErUGiuLk8k2Jdy6ru608dqJH97M/Evrxsr76KfsCCKFQ3IYpEXc6RCNIsBDZigRPGpJpgIpm9FZIQFJkqHVdAhfH+K/ietcsmulir3lWLtKosjD0dwDKdgwznUoA4NaAKBCTzCM7wYifFkvBpvi9ackc0cwg8Y719JiZLI</latexit>

JH2O?



3.0 Coupling flow with heat/mass exchange

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

U

<latexit sha1_base64="nVwugbhycc+TD8UH2sTNsIu9Wfw="></latexit>

�c ⇠
⇣
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x

U

⌘1/2

<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

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

U

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

@c

@t
+ u ·rc = D�c+ r



3.1 Cooling flow over a plate

<latexit sha1_base64="7SGBxgV//dCeGiWuDwj/VnNA8cU=">AAAB/XicdVDLSsNAFJ3UV42v+ti5GSyCi1ISqVXBRcGNywp9QRPCZDpph04mYWYixFD8FTcuFHHrf7jzb5y2EarogQuHc+7l3nv8mFGpLOvTKCwtr6yuFdfNjc2t7Z3S7l5HRonApI0jFomejyRhlJO2ooqRXiwICn1Guv74eup374iQNOItlcbEDdGQ04BipLTklQ7ankN5oNKKUzFbOfdKZatqzQAXyJllX9ZtaOdKGeRoeqUPZxDhJCRcYYak7NtWrNwMCUUxIxPTSSSJER6jIelrylFIpJvNrp/AY60MYBAJXVzBmbo4kaFQyjT0dWeI1Ej+9qbiX14/UcGFm1EeJ4pwPF8UJAyqCE6jgAMqCFYs1QRhQfWtEI+QQFjpwEwdwven8H/SOa3a9WrttlZuXOVxFMEhOAInwAbnoAFuQBO0AQb34BE8gxfjwXgyXo23eWvByGf2wQ8Y71+xRpS9</latexit>

U1, T1

<latexit sha1_base64="dqqvSfrOpkMinM9CDqbqAB9W6J0=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48JmBiIFnC7KQ3GTP7YGZWDEu+wIsHRbz6Sd78GyfJClG0oKGo6qa7y4sFV9q2P63c0vLK6lp+vbCxubW9U9zda6kokQybLBKRbHtUoeAhNjXXAtuxRBp4Am+90dXUv71HqXgU3uhxjG5AByH3OaPaSI2HXrFkl+0ZyAI5tZ2LqkOcTClBhnqv+NHtRywJMNRMUKU6jh1rN6VScyZwUugmCmPKRnSAHUNDGqBy09mhE3JklD7xI2kq1GSmLk6kNFBqHHimM6B6qH57U/Evr5No/9xNeRgnGkM2X+QnguiITL8mfS6RaTE2hDLJza2EDamkTJtsCiaE70/J/6R1Unaq5UqjUqpdZnHk4QAO4RgcOIMaXEMdmsAA4RGe4cW6s56sV+tt3pqzspl9+AHr/QsGdo0V</latexit>

x

<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="dL8zmPzR8TQDcupJml2cbopCrH0="></latexit>
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✓
⌫

x
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◆1/2

velocity profile inside the boundary layer:
<latexit sha1_base64="j3Jb3msmy8D6YWzjXq5QmxCXDFI="></latexit>

u

x
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incompressible flow: 

<latexit sha1_base64="MfqnVeNat3j39raFulEIo2NEuAg="></latexit>

r · u = 0 =
@u

x
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<latexit sha1_base64="mooeiv0TP6+bITam2i0u+CfQVmw=">AAACF3icdVDLSgNBEJyNrxhfUY9eBoPgKexKjAoeAl48RjAPyIZldjKbDJmdXWZ6g3HJX3jxV7x4UMSr3vwbJy+IogUNRVU33V1+LLgG2/6yMkvLK6tr2fXcxubW9k5+d6+uo0RRVqORiFTTJ5oJLlkNOAjWjBUjoS9Yw+9fjf3GgCnNI3kLw5i1Q9KVPOCUgJG8fDHx7l3NQ+wGitDU7TABxBuM0rtRzXO5DGDoCoHn3MsX7KI9AV4gp7ZzUXawM1MKaIaql/90OxFNQiaBCqJ1y7FjaKdEAaeCjXJuollMaJ90WctQSUKm2+nkrxE+MkoHB5EyJQFP1MWJlIRaD0PfdIYEevq3Nxb/8loJBOftlMs4ASbpdFGQCAwRHoeEO1wxCmJoCKGKm1sx7RETEJgocyaE+af4f1I/KTrlYummVKhczuLIogN0iI6Rg85QBV2jKqohih7QE3pBr9aj9Wy9We/T1ow1m9lHP2B9fAPsWqEG</latexit>

uz ⇠ �v

x

U1 ⌧ U1 for 
<latexit sha1_base64="hLNbydz8/6WCfJowyWqKwy5tkTc=">AAAB9HicdVBNS8NAEN3Ur1q/qh69LBbBU0lEq4KHghePFewHNKFsNpN06WYTdzfFUvo7vHhQxKs/xpv/xm0boYo+GHi8N8PMPD/lTGnb/rQKS8srq2vF9dLG5tb2Tnl3r6WSTFJo0oQnsuMTBZwJaGqmOXRSCST2ObT9wfXUbw9BKpaIOz1KwYtJJFjIKNFG8h7cKMJuAFyT3rBXrthVewa8QM5s57LmYCdXKihHo1f+cIOEZjEITTlRquvYqfbGRGpGOUxKbqYgJXRAIugaKkgMyhvPjp7gI6MEOEykKaHxTF2cGJNYqVHsm86Y6L767U3Fv7xupsMLb8xEmmkQdL4ozDjWCZ4mgAMmgWo+MoRQycytmPaJJFSbnEomhO9P8f+kdVJ1atXT29NK/SqPo4gO0CE6Rg46R3V0gxqoiSi6R4/oGb1YQ+vJerXe5q0FK5/ZRz9gvX8BuPGSEg==</latexit>

x � �v

<latexit sha1_base64="qHPev9mH+QWFPmaCjc/4oXtL74E=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU9mVWhU8FLx4rNgvaJeSTbNtaJJdkqxQlv4ELx4U8eov8ua/MW1XqKIPBh7vzTAzL4g508Z1P53cyura+kZ+s7C1vbO7V9w/aOkoUYQ2ScQj1QmwppxJ2jTMcNqJFcUi4LQdjG9mfvuBKs0i2TCTmPoCDyULGcHGSveNvu4XS27ZnQMtkXPXu6p6yMuUEmSo94sfvUFEEkGlIRxr3fXc2PgpVoYRTqeFXqJpjMkYD2nXUokF1X46P3WKTqwyQGGkbEmD5uryRIqF1hMR2E6BzUj/9mbiX143MeGlnzIZJ4ZKslgUJhyZCM3+RgOmKDF8YgkmitlbERlhhYmx6RRsCN+fov9J66zsVcuVu0qpdp3FkYcjOIZT8OACanALdWgCgSE8wjO8ONx5cl6dt0VrzslmDuEHnPcvWQ6N1w==</latexit>

Ts



heat equation:
<latexit sha1_base64="LwkZGiGR/WuQMyVpqqYuC5qSTz4="></latexit>

@T

@t
+ u ·rT = ↵�T +

r

⇢Cp
steady

<latexit sha1_base64="mNdfg88eTaRmyAmR+BNWKiPpMxc=">AAACEHicdVDLSsNAFJ3UV62vqEs3g0V0VRKpVcFFwY3LCn1BE8JkOmmHTh7OTKQl5BPc+CtuXCji1qU7/8ZJG7GKHrhwOOfemXuPGzEqpGF8aIWFxaXlleJqaW19Y3NL395pizDmmLRwyELedZEgjAakJalkpBtxgnyXkY47usz8zi3hgoZBU04iYvtoEFCPYiSV5OiHlqA+uYGxM7Y8jnBiRYhLihhspt98nDp62agYU8A5cmKY5zUTmrlSBjkajv5u9UMc+ySQmCEheqYRSTvJHsSMpCUrFiRCeIQGpKdogHwi7GR6UAoPlNKHXshVBRJO1fmJBPlCTHxXdfpIDsVvLxP/8nqx9M7shAZRLEmAZx95MYMyhFk6sE85wZJNFEGYU7UrxEOkcpEqw5IK4etS+D9pH1fMWqV6XS3XL/I4imAP7IMjYIJTUAdXoAFaAIM78ACewLN2rz1qL9rrrLWg5TO74Ae0t0/SOZ23</latexit>

' u

x

@T

@xin scaling laws:

3.1.1 Thermal boundary layer (hypothesis:               )

<latexit sha1_base64="7SGBxgV//dCeGiWuDwj/VnNA8cU=">AAAB/XicdVDLSsNAFJ3UV42v+ti5GSyCi1ISqVXBRcGNywp9QRPCZDpph04mYWYixFD8FTcuFHHrf7jzb5y2EarogQuHc+7l3nv8mFGpLOvTKCwtr6yuFdfNjc2t7Z3S7l5HRonApI0jFomejyRhlJO2ooqRXiwICn1Guv74eup374iQNOItlcbEDdGQ04BipLTklQ7ankN5oNKKUzFbOfdKZatqzQAXyJllX9ZtaOdKGeRoeqUPZxDhJCRcYYak7NtWrNwMCUUxIxPTSSSJER6jIelrylFIpJvNrp/AY60MYBAJXVzBmbo4kaFQyjT0dWeI1Ej+9qbiX14/UcGFm1EeJ4pwPF8UJAyqCE6jgAMqCFYs1QRhQfWtEI+QQFjpwEwdwven8H/SOa3a9WrttlZuXOVxFMEhOAInwAbnoAFuQBO0AQb34BE8gxfjwXgyXo23eWvByGf2wQ8Y71+xRpS9</latexit>

U1, T1

<latexit sha1_base64="dqqvSfrOpkMinM9CDqbqAB9W6J0=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48JmBiIFnC7KQ3GTP7YGZWDEu+wIsHRbz6Sd78GyfJClG0oKGo6qa7y4sFV9q2P63c0vLK6lp+vbCxubW9U9zda6kokQybLBKRbHtUoeAhNjXXAtuxRBp4Am+90dXUv71HqXgU3uhxjG5AByH3OaPaSI2HXrFkl+0ZyAI5tZ2LqkOcTClBhnqv+NHtRywJMNRMUKU6jh1rN6VScyZwUugmCmPKRnSAHUNDGqBy09mhE3JklD7xI2kq1GSmLk6kNFBqHHimM6B6qH57U/Evr5No/9xNeRgnGkM2X+QnguiITL8mfS6RaTE2hDLJza2EDamkTJtsCiaE70/J/6R1Unaq5UqjUqpdZnHk4QAO4RgcOIMaXEMdmsAA4RGe4cW6s56sV+tt3pqzspl9+AHr/QsGdo0V</latexit>

x

<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="qZhM8He8BneRzS7vDvpO90xi69k=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48RjAPSJYwO5lNhszOrjO9Qgj5CS8eFPHq73jzb5wkK6hoQUNR1U13V5BIYdB1P5zc0vLK6lp+vbCxubW9U9zda5o41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRlczv3XPtRGxusVxwv2IDpQIBaNopXaj1xUqxHGvWHLL7hzkGzl1vYuqR7xMKUGGeq/43u3HLI24QiapMR3PTdCfUI2CST4tdFPDE8pGdMA7lioaceNP5vdOyZFV+iSMtS2FZK5+n5jQyJhxFNjOiOLQ/PZm4l9eJ8Xw3J8IlaTIFVssClNJMCaz50lfaM5Qji2hTAt7K2FDqilDG1HBhvD1KfmfNE/KXrVcuamUapdZHHk4gEM4Bg/OoAbXUIcGMJDwAE/w7Nw5j86L87pozTnZzD78gPP2CUG2kB0=</latexit>

U1

<latexit sha1_base64="Vy4MlbeiCH354dwg85UluBlkuYI=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiDES5hIUA8eAl48RsgGkyH09PQkTXq6h+4aMQz5DC8eFPHq13jzb+wsQtweFDzeq6KqXpAIbsB1P5zcyura+kZ+s7C1vbO7V9w/aBuVaspaVAmluwExTHDJWsBBsG6iGYkDwTrB6Hrqd+6YNlzJJowT5sdkIHnEKQEreb2QCSD9Zvn+tF8sVSvuDNj9Rb6sElqg0S++90JF05hJoIIY41XdBPyMaOBUsEmhlxqWEDoiA+ZZKknMjJ/NTp7gE6uEOFLalgQ8U5cnMhIbM44D2xkTGJqf3lT8y/NSiC79jMskBSbpfFGUCgwKT//HIdeMghhbQqjm9lZMh0QTCjalwnII/5P2WaV6Xqnd1kr1q0UceXSEjlEZVdEFqqMb1EAtRJFCD+gJPTvgPDovzuu8NecsZg7RNzhvn5xBkM4=</latexit>

�T (x)

<latexit sha1_base64="nXy9diiABNg05pflMSBPPRe4bY8=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4CjMS1IOHgBePEbNBMoSeTk/SpKdn6K4RwpBP8OJBEa9+kTf/xs4ixO1BweO9KqrqBYkUBl33w8mtrK6tb+Q3C1vbO7t7xf2DpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdD31W/dcGxGrOo4T7kd0oEQoGEUr3dV7plcseWV3BuL+Il9WCRao9Yrv3X7M0ogrZJIa0/HcBP2MahRM8kmhmxqeUDaiA96xVNGIGz+bnTohJ1bpkzDWthSSmbo8kdHImHEU2M6I4tD89KbiX14nxfDSz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp7Acwv+keVb2zsuV20qperWIIw9HcAyn4MEFVOEGatAABgN4gCd4dqTz6Lw4r/PWnLOYOYRvcN4+ATuAjcI=</latexit>

Ts

<latexit sha1_base64="Y3c5MFJiyBgkzn5xUa5cmDgH3A8=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4CjMS1IOHgBePEbJBMoSeTk/SpKdn7K4RhpCf8OJBEa/+jjf/xs4ixO1BweO9KqrqBYkUBl33w8mtrK6tb+Q3C1vbO7t7xf2DpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdD31W/dcGxGrOmYJ9yM6UCIUjKKV2vVeV6gQs16x5JXdGYj7i3xZJVig1iu+d/sxSyOukElqTMdzE/THVKNgkk8K3dTwhLIRHfCOpYpG3Pjj2b0TcmKVPgljbUshmanLE2MaGZNFge2MKA7NT28q/uV1Ugwv/bFQSYpcsfmiMJUEYzJ9nvSF5gxlZgllWthbCRtSTRnaiArLIfxPmmdl77xcua2UqleLOPJwBMdwCh5cQBVuoAYNYCDhAZ7g2blzHp0X53XemnMWM4fwDc7bJyKdkAc=</latexit>

T1
<latexit sha1_base64="qpBJ8FnrKtrhpHljE3xGWXlXDDc=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48RjAPSJYwO9ubDJl9ODMbCCE/4cWDIl79HW/+jZNkhSha0FBUddPd5SWCK23bn1ZuZXVtfSO/Wdja3tndK+4fNFWcSoYNFotYtj2qUPAIG5prge1EIg09gS1veDPzWyOUisfRvR4n6Ia0H/GAM6qN1O76KDTtjXrFkl225yBL5Nx2rqoOcTKlBBnqveJH149ZGmKkmaBKdRw70e6ESs2ZwGmhmypMKBvSPnYMjWiIyp3M752SE6P4JIilqUiTubo8MaGhUuPQM50h1QP125uJf3mdVAeX7oRHSaoxYotFQSqIjsnseeJziUyLsSGUSW5uJWxAJWXaRFQwIXx/Sv4nzbOyUy1X7iql2nUWRx6O4BhOwYELqMEt1KEBDAQ8wjO8WA/Wk/VqvS1ac1Y2cwg/YL1/AUO1kB4=</latexit>

�v

<latexit sha1_base64="wUrOXyYAeQ8s/1nZEBs2GJ90I2k=">AAAB+nicdVDLSgNBEOyNrxhfGz16GQyCp7ArMSrkEPDiMUJekCzL7OxsMmT2wcxsJMR8ihcPinj1S7z5N06SFaJoQUNR1U13l5dwJpVlfRq5tfWNza38dmFnd2//wCwetmWcCkJbJOax6HpYUs4i2lJMcdpNBMWhx2nHG93M/c6YCsniqKkmCXVCPIhYwAhWWnLNYt+nXGG3WcvI2DVLVtlaAK2QC8u+rtrIzpQSZGi45kffj0ka0kgRjqXs2VainCkWihFOZ4V+KmmCyQgPaE/TCIdUOtPF6TN0qhUfBbHQFSm0UFcnpjiUchJ6ujPEaih/e3PxL6+XquDKmbIoSRWNyHJRkHKkYjTPAflMUKL4RBNMBNO3IjLEAhOl0yroEL4/Rf+T9nnZrpYrd5VSvZbFkYdjOIEzsOES6nALDWgBgXt4hGd4MR6MJ+PVeFu25oxs5gh+wHj/Aj5yk/4=</latexit>

�T < �v

<latexit sha1_base64="wVi/rZmPWcYYExnakAeVriZaD4w="></latexit>

U1

(⌫ x/U1)1/2
�T

T

x

⇠ ↵

T

�

2
T



<latexit sha1_base64="zZLpAXGX2aEReZKKoeqnr6f2IVQ="></latexit>

) �T (x) ⇠ ↵

1/3
⌫

1/6

✓
x

U1

◆1/2

⇠ �v(x)
⇣
↵

⌫

⌘1/3
= �v(x) Pr

�1/3

Prandtl number
<latexit sha1_base64="Noyo999rYWcQgam3l2knssfu9GM=">AAACB3icdVDLSsNAFJ3UV62vqEtBBovgqiRSq4JCwY3LCvYBTSiT6aQdOjMJMxOhhOzc+CtuXCji1l9w5984aStU0QMXDufcy733BDGjSjvOp1VYWFxaXimultbWNza37O2dlooSiUkTRyySnQApwqggTU01I51YEsQDRtrB6Cr323dEKhqJWz2Oic/RQNCQYqSN1LP3PY70UPK0IbNLL5QIp55IstRDLB6irGeXnYozAZwjJ457XnOhO1PKYIZGz/7w+hFOOBEaM6RU13Vi7adIaooZyUpeokiM8AgNSNdQgThRfjr5I4OHRunDMJKmhIYTdX4iRVypMQ9MZ361+u3l4l9eN9HhmZ9SESeaCDxdFCYM6gjmocA+lQRrNjYEYUnNrRAPkQlDm+hKJoTvT+H/pHVccWuV6k21XL+YxVEEe+AAHAEXnII6uAYN0AQY3INH8AxerAfryXq13qatBWs2swt+wHr/AndFmlU=</latexit>

Pr =
⌫

↵

water ~ 7 
air ~ 1 
Hg ~ 0.02 ⇒ different behavior 

glycerin ~ 1000
<latexit sha1_base64="wUrOXyYAeQ8s/1nZEBs2GJ90I2k=">AAAB+nicdVDLSgNBEOyNrxhfGz16GQyCp7ArMSrkEPDiMUJekCzL7OxsMmT2wcxsJMR8ihcPinj1S7z5N06SFaJoQUNR1U13l5dwJpVlfRq5tfWNza38dmFnd2//wCwetmWcCkJbJOax6HpYUs4i2lJMcdpNBMWhx2nHG93M/c6YCsniqKkmCXVCPIhYwAhWWnLNYt+nXGG3WcvI2DVLVtlaAK2QC8u+rtrIzpQSZGi45kffj0ka0kgRjqXs2VainCkWihFOZ4V+KmmCyQgPaE/TCIdUOtPF6TN0qhUfBbHQFSm0UFcnpjiUchJ6ujPEaih/e3PxL6+XquDKmbIoSRWNyHJRkHKkYjTPAflMUKL4RBNMBNO3IjLEAhOl0yroEL4/Rf+T9nnZrpYrd5VSvZbFkYdjOIEzsOES6nALDWgBgXt4hGd4MR6MJ+PVeFu25oxs5gh+wHj/Aj5yk/4=</latexit>

�T < �v ~ OK, if 
<latexit sha1_base64="s+lQSqRv4NScUY5rk0RfKWt+JEA=">AAAB+HicdVDLSsNAFL2pr1ofjbp0M1gEVyERrQoiBTcuK9gHtKFMppN26GQSZiZCDf0SNy4UceunuPNvnLQVquiBgcM593LPnCDhTGnX/bQKS8srq2vF9dLG5tZ22d7Zbao4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGF3nfuueSsVicafHCfUjPBAsZARrI/XscjfCeiijrC4nV65T7dkV13GnQAvk1PUuqh7y5koF5qj37I9uPyZpRIUmHCvV8dxE+xmWmhFOJ6VuqmiCyQgPaMdQgSOq/GwafIIOjdJHYSzNExpN1cWNDEdKjaPATOYx1W8vF//yOqkOz/2MiSTVVJDZoTDlSMcobwH1maRE87EhmEhmsiIyxBITbboqmRK+f4r+J81jx6s6J7cnldrlvI4i7MMBHIEHZ1CDG6hDAwik8AjP8GI9WE/Wq/U2Gy1Y8509+AHr/Qs3mZLL</latexit>

Pr > 0.6

Schmidt number for mass transport
<latexit sha1_base64="vo847rks1C08dtIHV7x9l3i4kz4=">AAACAnicdVDLSsNAFJ3UV62vqCtxM1gEVyWRWhUUCrpwWdE+oAllMp20QyeTMDMRSghu/BU3LhRx61e482+ctBGq6IELh3Pu5d57vIhRqSzr0yjMzS8sLhWXSyura+sb5uZWS4axwKSJQxaKjockYZSTpqKKkU4kCAo8Rtre6CLz23dESBryWzWOiBugAac+xUhpqWfuOAFSQxEkNzg9d3yBcOLwOE0u055ZtirWBHCGHFn2ac2Gdq6UQY5Gz/xw+iGOA8IVZkjKrm1Fyk2QUBQzkpacWJII4REakK6mHAVEusnkhRTua6UP/VDo4gpO1NmJBAVSjgNPd2YHy99eJv7ldWPln7gJ5VGsCMfTRX7MoAphlgfsU0GwYmNNEBZU3wrxEOkclE6tpEP4/hT+T1qHFbtWqV5Xy/WzPI4i2AV74ADY4BjUwRVogCbA4B48gmfwYjwYT8ar8TZtLRj5zDb4AeP9Cz0Fl/k=</latexit>

Sc =
⌫

D



3.1.2 Heat transport across the thermal boundary layer

<latexit sha1_base64="7SGBxgV//dCeGiWuDwj/VnNA8cU=">AAAB/XicdVDLSsNAFJ3UV42v+ti5GSyCi1ISqVXBRcGNywp9QRPCZDpph04mYWYixFD8FTcuFHHrf7jzb5y2EarogQuHc+7l3nv8mFGpLOvTKCwtr6yuFdfNjc2t7Z3S7l5HRonApI0jFomejyRhlJO2ooqRXiwICn1Guv74eup374iQNOItlcbEDdGQ04BipLTklQ7ankN5oNKKUzFbOfdKZatqzQAXyJllX9ZtaOdKGeRoeqUPZxDhJCRcYYak7NtWrNwMCUUxIxPTSSSJER6jIelrylFIpJvNrp/AY60MYBAJXVzBmbo4kaFQyjT0dWeI1Ej+9qbiX14/UcGFm1EeJ4pwPF8UJAyqCE6jgAMqCFYs1QRhQfWtEI+QQFjpwEwdwven8H/SOa3a9WrttlZuXOVxFMEhOAInwAbnoAFuQBO0AQb34BE8gxfjwXgyXo23eWvByGf2wQ8Y71+xRpS9</latexit>

U1, T1

<latexit sha1_base64="dqqvSfrOpkMinM9CDqbqAB9W6J0=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48JmBiIFnC7KQ3GTP7YGZWDEu+wIsHRbz6Sd78GyfJClG0oKGo6qa7y4sFV9q2P63c0vLK6lp+vbCxubW9U9zda6kokQybLBKRbHtUoeAhNjXXAtuxRBp4Am+90dXUv71HqXgU3uhxjG5AByH3OaPaSI2HXrFkl+0ZyAI5tZ2LqkOcTClBhnqv+NHtRywJMNRMUKU6jh1rN6VScyZwUugmCmPKRnSAHUNDGqBy09mhE3JklD7xI2kq1GSmLk6kNFBqHHimM6B6qH57U/Evr5No/9xNeRgnGkM2X+QnguiITL8mfS6RaTE2hDLJza2EDamkTJtsCiaE70/J/6R1Unaq5UqjUqpdZnHk4QAO4RgcOIMaXEMdmsAA4RGe4cW6s56sV+tt3pqzspl9+AHr/QsGdo0V</latexit>

x

<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="qZhM8He8BneRzS7vDvpO90xi69k=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48RjAPSJYwO5lNhszOrjO9Qgj5CS8eFPHq73jzb5wkK6hoQUNR1U13V5BIYdB1P5zc0vLK6lp+vbCxubW9U9zda5o41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRlczv3XPtRGxusVxwv2IDpQIBaNopXaj1xUqxHGvWHLL7hzkGzl1vYuqR7xMKUGGeq/43u3HLI24QiapMR3PTdCfUI2CST4tdFPDE8pGdMA7lioaceNP5vdOyZFV+iSMtS2FZK5+n5jQyJhxFNjOiOLQ/PZm4l9eJ8Xw3J8IlaTIFVssClNJMCaz50lfaM5Qji2hTAt7K2FDqilDG1HBhvD1KfmfNE/KXrVcuamUapdZHHk4gEM4Bg/OoAbXUIcGMJDwAE/w7Nw5j86L87pozTnZzD78gPP2CUG2kB0=</latexit>

U1

<latexit sha1_base64="Vy4MlbeiCH354dwg85UluBlkuYI=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiDES5hIUA8eAl48RsgGkyH09PQkTXq6h+4aMQz5DC8eFPHq13jzb+wsQtweFDzeq6KqXpAIbsB1P5zcyura+kZ+s7C1vbO7V9w/aBuVaspaVAmluwExTHDJWsBBsG6iGYkDwTrB6Hrqd+6YNlzJJowT5sdkIHnEKQEreb2QCSD9Zvn+tF8sVSvuDNj9Rb6sElqg0S++90JF05hJoIIY41XdBPyMaOBUsEmhlxqWEDoiA+ZZKknMjJ/NTp7gE6uEOFLalgQ8U5cnMhIbM44D2xkTGJqf3lT8y/NSiC79jMskBSbpfFGUCgwKT//HIdeMghhbQqjm9lZMh0QTCjalwnII/5P2WaV6Xqnd1kr1q0UceXSEjlEZVdEFqqMb1EAtRJFCD+gJPTvgPDovzuu8NecsZg7RNzhvn5xBkM4=</latexit>

�T (x)

<latexit sha1_base64="nXy9diiABNg05pflMSBPPRe4bY8=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4CjMS1IOHgBePEbNBMoSeTk/SpKdn6K4RwpBP8OJBEa9+kTf/xs4ixO1BweO9KqrqBYkUBl33w8mtrK6tb+Q3C1vbO7t7xf2DpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdD31W/dcGxGrOo4T7kd0oEQoGEUr3dV7plcseWV3BuL+Il9WCRao9Yrv3X7M0ogrZJIa0/HcBP2MahRM8kmhmxqeUDaiA96xVNGIGz+bnTohJ1bpkzDWthSSmbo8kdHImHEU2M6I4tD89KbiX14nxfDSz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp7Acwv+keVb2zsuV20qperWIIw9HcAyn4MEFVOEGatAABgN4gCd4dqTz6Lw4r/PWnLOYOYRvcN4+ATuAjcI=</latexit>

Ts

<latexit sha1_base64="Y3c5MFJiyBgkzn5xUa5cmDgH3A8=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4CjMS1IOHgBePEbJBMoSeTk/SpKdn7K4RhpCf8OJBEa/+jjf/xs4ixO1BweO9KqrqBYkUBl33w8mtrK6tb+Q3C1vbO7t7xf2DpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdD31W/dcGxGrOmYJ9yM6UCIUjKKV2vVeV6gQs16x5JXdGYj7i3xZJVig1iu+d/sxSyOukElqTMdzE/THVKNgkk8K3dTwhLIRHfCOpYpG3Pjj2b0TcmKVPgljbUshmanLE2MaGZNFge2MKA7NT28q/uV1Ugwv/bFQSYpcsfmiMJUEYzJ9nvSF5gxlZgllWthbCRtSTRnaiArLIfxPmmdl77xcua2UqleLOPJwBMdwCh5cQBVuoAYNYCDhAZ7g2blzHp0X53XemnMWM4fwDc7bJyKdkAc=</latexit>

T1
<latexit sha1_base64="qpBJ8FnrKtrhpHljE3xGWXlXDDc=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48RjAPSJYwO9ubDJl9ODMbCCE/4cWDIl79HW/+jZNkhSha0FBUddPd5SWCK23bn1ZuZXVtfSO/Wdja3tndK+4fNFWcSoYNFotYtj2qUPAIG5prge1EIg09gS1veDPzWyOUisfRvR4n6Ia0H/GAM6qN1O76KDTtjXrFkl225yBL5Nx2rqoOcTKlBBnqveJH149ZGmKkmaBKdRw70e6ESs2ZwGmhmypMKBvSPnYMjWiIyp3M752SE6P4JIilqUiTubo8MaGhUuPQM50h1QP125uJf3mdVAeX7oRHSaoxYotFQSqIjsnseeJziUyLsSGUSW5uJWxAJWXaRFQwIXx/Sv4nzbOyUy1X7iql2nUWRx6O4BhOwYELqMEt1KEBDAQ8wjO8WA/Wk/VqvS1ac1Y2cwg/YL1/AUO1kB4=</latexit>

�v

Heat flux 

<latexit sha1_base64="RSwUlmLGmbxcR6CphiOU+8p7yKc="></latexit>

JT = �

@T

@z

⇠ 

T1 � Ts

�T (x)

<latexit sha1_base64="NShcJbFWGxCPCxTqxlvwVGGqDDY=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48eEjAmECyhNlJbzJm9sHMrBCWfIEXD4p49ZO8+TdOkhWiaEFDUdVNd5cXC660bX9auaXlldW1/HphY3Nre6e4u3enokQybLJIRLLtUYWCh9jUXAtsxxJp4AlseaOrqd96QKl4FN7qcYxuQAch9zmj2kiNm16xZJftGcgCObWdi6pDnEwpQYZ6r/jR7UcsCTDUTFClOo4dazelUnMmcFLoJgpjykZ0gB1DQxqgctPZoRNyZJQ+8SNpKtRkpi5OpDRQahx4pjOgeqh+e1PxL6+TaP/cTXkYJxpDNl/kJ4LoiEy/Jn0ukWkxNoQyyc2thA2ppEybbAomhO9Pyf/k7qTsVMuVRqVUu8ziyMMBHMIxOHAGNbiGOjSBAcIjPMOLdW89Wa/W27w1Z2Uz+/AD1vsXw7eM6Q==</latexit>

L

Average flux 

<latexit sha1_base64="w2iQL+cxdlxSPfNKZhnEgtVRIt0="></latexit>

< JT >⇠ � 1

L

Z L

0
(T1 � Ts)

U

1/2
1

↵

1/3
⌫

1/6
x

1/2
dx

<latexit sha1_base64="ApAa/RvN1MpDz4ACg84ep9WP/Os="></latexit>

< JT >⇠ �
T1 � TS

L

✓
U1L

⌫

◆1/2 ⇣ ⌫

↵

⌘1/3
= 
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L
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Heat transfer coefficient
<latexit sha1_base64="4epX71GO7DlGNuv4SoJZIl2f69o=">AAACBnicdVDLSsNAFJ3UV62vqksRBotQFy2J1KqgUHAjriqkD2hDmEwn7dDJJMxMhBC6cuOvuHGhiFu/wZ1/4/QhVNEDFw7n3Mu993gRo1KZ5qeRWVhcWl7JrubW1jc2t/LbO00ZxgKTBg5ZKNoekoRRThqKKkbakSAo8BhpecOrsd+6I0LSkNsqiYgToD6nPsVIacnN76fwZuTal6WBaxdT2+1S7qsElqDtytGRmy+YZXMCOEdOTOu8akFrphTADHU3/9HthTgOCFeYISk7lhkpJ0VCUczIKNeNJYkQHqI+6WjKUUCkk07eGMFDrfSgHwpdXMGJOj+RokDKJPB0Z4DUQP72xuJfXidW/pmTUh7FinA8XeTHDKoQjjOBPSoIVizRBGFB9a0QD5BAWOnkcjqE70/h/6R5XLaq5cptpVC7mMWRBXvgABSBBU5BDVyDOmgADO7BI3gGL8aD8WS8Gm/T1owxm9kFP2C8fwEMPZeV</latexit>

JT = �hT (T1 � Ts)
<latexit sha1_base64="rbHtixEOwf5JH5h2eGpGPoQEGwg=">AAACCXicdVDLSsNAFJ3UV62vqEs3g0VwVRLRquCi4MZlhb6gCeFmMmmHTh7MTIQSunXjr7hxoYhb/8Cdf+O0jVBFD1w4nHMv997jp5xJZVmfRmlpeWV1rbxe2djc2t4xd/c6MskEoW2S8ET0fJCUs5i2FVOc9lJBIfI57fqj66nfvaNCsiRuqXFK3QgGMQsZAaUlz8RDr4UdySLshAJI7owgTWGSOwHlCrzWxDOrVs2aAS+QM8u+rNvYLpQqKtD0zA8nSEgW0VgRDlL2bStVbg5CMcLppOJkkqZARjCgfU1jiKh089knE3yklQCHidAVKzxTFydyiKQcR77ujEAN5W9vKv7l9TMVXrg5i9NM0ZjMF4UZxyrB01hwwAQlio81ASKYvhWTIehElA6vokP4/hT/TzonNbteO709rTauijjK6AAdomNko3PUQDeoidqIoHv0iJ7Ri/FgPBmvxtu8tWQUM/voB4z3L9BSmm4=</latexit>

hT ⇠ 

�T

Nusselt number

<latexit sha1_base64="7xLDrnbusf1LQ7VJzQkTGLzaBN0="></latexit>

Nu =
hTL


⇠ L

�T

Forced convection over a plate

Other expressions for different geometries

Same formalism for mass transport:

<latexit sha1_base64="xF/pi/YzXoRfj7vub4k/LbWi/e0=">AAACEnicdVDLSsNAFJ3UV62vqEs3g0VooZREalVQKLhxJVVsLTShTKaTdujkwcxEKCHf4MZfceNCEbeu3Pk3TtoUquiBgXPPuZe59zgho0IaxpeWW1hcWl7JrxbW1jc2t/TtnbYIIo5JCwcs4B0HCcKoT1qSSkY6ISfIcxi5c0YXqX93T7iggX8rxyGxPTTwqUsxkkrq6WXLQ3LIvfgqSs6hW5qVNySpWJVZ1eRJuacXjaoxAZwjR4Z5WjehmSlFkKHZ0z+tfoAjj/gSMyRE1zRCaceIS4oZSQpWJEiI8AgNSFdRH3lE2PHkpAQeKKUP3YCr50s4UecnYuQJMfYc1ZnuKH57qfiX142ke2LH1A8jSXw8/ciNGJQBTPOBfcoJlmysCMKcql0hHiKOsFQpFlQIs0vh/6R9WDXr1dp1rdg4y+LIgz2wD0rABMegAS5BE7QABg/gCbyAV+1Re9betPdpa07LZnbBD2gf33e9nfk=</latexit>

Nu = f(Re, Pr)

<latexit sha1_base64="LaEv5g43SeFp3Lzox39kQXzISJ4="></latexit>

Nu ' 0.33Re1/2Pr1/3

Sherwood number

Mass transfer coefficient
<latexit sha1_base64="OqcA+GHInkImw9jIQ9MOq9vHCOc=">AAACBnicdVDLSgMxFM34rPVVdSlCsAh10TIjtSooFNyIqwr2AW0ZMmmmDU0yQ5IRhqErN/6KGxeKuPUb3Pk3pu0IVfTAhcM593LvPV7IqNK2/WnNzS8sLi1nVrKra+sbm7mt7YYKIolJHQcskC0PKcKoIHVNNSOtUBLEPUaa3vBy7DfviFQ0ELc6DkmXo76gPsVIG8nN7SXweuTyi+LA5YUEux0qfB3DIsSuGh26ubxdsieAM+TYds4qDnRSJQ9S1NzcR6cX4IgToTFDSrUdO9TdBElNMSOjbCdSJER4iPqkbahAnKhuMnljBA+M0oN+IE0JDSfq7ESCuFIx90wnR3qgfntj8S+vHWn/tJtQEUaaCDxd5EcM6gCOM4E9KgnWLDYEYUnNrRAPkERYm+SyJoTvT+H/pHFUciql8k05Xz1P48iAXbAPCsABJ6AKrkAN1AEG9+ARPIMX68F6sl6tt2nrnJXO7IAfsN6/AIqbl+U=</latexit>

Jm = �hm(c1 � cs)
<latexit sha1_base64="isO6ddwR6UphpJ65e6qFGlTrPOc=">AAACCXicdVDLSsNAFJ3UV62vqEs3g0VwVRKpVcFFwY3LCvYBTQg3k0k7dPJgZiKU0K0bf8WNC0Xc+gfu/BunbYQqeuBeDufcy8w9fsqZVJb1aZSWlldW18rrlY3Nre0dc3evI5NMENomCU9EzwdJOYtpWzHFaS8VFCKf064/upr63TsqJEviWzVOqRvBIGYhI6C05Jl46EXYkUy3UADJnRGkKUxyJ6BcgUcmnlm1atYMeIGcWvZFw8Z2oVRRgZZnfjhBQrKIxopwkLJvW6lycxCKEU4nFSeTNAUyggHtaxpDRKWbzy6Z4COtBDhMhK5Y4Zm6uJFDJOU48vVkBGoof3tT8S+vn6nw3M1ZnGaKxmT+UJhxrBI8jQUHTFCi+FgTIILpv2IyBJ2I0uFVdAjfl+L/SeekZjdq9Zt6tXlZxFFGB+gQHSMbnaEmukYt1EYE3aNH9IxejAfjyXg13uajJaPY2Uc/YLx/AQ/lmpY=</latexit>

hm ⇠ 

�c
<latexit sha1_base64="M3E++BQ1wN+WvsFF++zTrdtEAkc=">AAACBXicdVDLSsNAFJ34rPVVdamLwSK4KonUqqBQ0IULFxXtA5oQJtNJM3QmCTMToYRs3Pgrblwo4tZ/cOffOG0jVNEDFw7n3Mu993gxo1KZ5qcxMzs3v7BYWCour6yurZc2NlsySgQmTRyxSHQ8JAmjIWkqqhjpxIIg7jHS9gbnI799R4SkUXirhjFxOOqH1KcYKS25pR2bIxUInt4E2Rm0fYFwGrgcXmXpReaWymbFHANOkUPTOqlZ0MqVMsjRcEsfdi/CCSehwgxJ2bXMWDkpEopiRrKinUgSIzxAfdLVNEScSCcdf5HBPa30oB8JXaGCY3V6IkVcyiH3dOfoZvnbG4l/ed1E+cdOSsM4USTEk0V+wqCK4CgS2KOCYMWGmiAsqL4V4gDpJJQOrqhD+P4U/k9aBxWrVqleV8v10zyOAtgGu2AfWOAI1MElaIAmwOAePIJn8GI8GE/Gq/E2aZ0x8pkt8APG+xeRcJid</latexit>

Sh =
hmL

D



3.2.1 Drying a sheet in the wind

<latexit sha1_base64="M8RQQp4PFXDSlkan0Tu7UVXK0aQ=">AAACAnicdZBPS8MwGMbT+W/Of1VP4iU4BA9jtDKngoeBF48T1m2wlpJm6RaWpiVJhVGGF7+KFw+KePVTePPbmG0VpugLCQ+/531J3idIGJXKsj6NwtLyyupacb20sbm1vWPu7rVlnApMHByzWHQDJAmjnDiKKka6iSAoChjpBKPrqd+5I0LSmLfUOCFehAachhQjpZFvHji+S3moxhW3Ivyhvls58M2yVbVmBRfEmWVf1m1o56QM8mr65ofbj3EaEa4wQ1L2bCtRXoaEopiRSclNJUkQHqEB6WnJUUSkl81WmMBjTfowjIU+XMEZXZzIUCTlOAp0Z4TUUP72pvAvr5eq8MLLKE9SRTiePxSmDKoYTvOAfSoIVmysBcKC6r9CPEQCYaVTK+kQvjeF/4v2adWuV2u3tXLjKo+jCA7BETgBNjgHDXADmsABGNyDR/AMXowH48l4Nd7mrQUjn9kHP8p4/wJvz5bS</latexit>

U1, rh, T1

Simplified model

- uniform temperature 
- radiative exchanges neglected 
-          at the surface =

<latexit sha1_base64="4j7V2d4TinqQT2+c9vpIAdeYOzQ=">AAAB8HicdVBNS8NAEJ3Ur1q/qh69LBbBU0lKrQoeCl56s4L9kDaEzXbTLt1Nwu5GKKG/wosHRbz6c7z5b9y2Earog4HHezPMzPNjzpS27U8rt7K6tr6R3yxsbe/s7hX3D9oqSiShLRLxSHZ9rChnIW1ppjntxpJi4XPa8cfXM7/zQKViUXinJzF1BR6GLGAEayPdN7204VXQzdQrluyyPQdaIme2c1lzkJMpJcjQ9Iof/UFEEkFDTThWqufYsXZTLDUjnE4L/UTRGJMxHtKeoSEWVLn p/OApOjHKAAWRNBVqNFeXJ1IslJoI33QKrEfqtzcT//J6iQ4u3JSFcaJpSBaLgoQjHaHZ92jAJCWaTwzBRDJzKyIjLDHRJqOCCeH7U/Q/aVfKTq1cva2W6ldZHHk4gmM4BQfOoQ4NaEILCAh4hGd4saT1ZL1ab4vWnJXNHMIPWO9f9mqP3A==</latexit>

PH2O
<latexit sha1_base64="d2ALis82HexbONAjkg+UCKf2P9Y=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48RjAPSJYwO5kkQ2Znl5leISz5CC8eFPHq93jzb5wkK0TRgoaiqpvuriCWwqDrfjq5ldW19Y38ZmFre2d3r7h/0DRRohlvsEhGuh1Qw6VQvIECJW/HmtMwkLwVjG9mfuuBayMidY+TmPshHSoxEIyilVr1XmooTnvFklt25yBL5Nz1rqoe8TKlBBnqveJHtx+xJOQKmaTGdDw3Rj+lGgWTfFroJobHlI3pkHcsVTTkxk/n507JiVX6ZBBpWwrJXF2eSGlozCQMbGdIcWR+ezPxL6+T4ODST4WKE+SKLRYNEkkwIrPfSV9ozlBOLKFMC3srYSOqKUObUMGG8P0p+Z80z8petVy5q5Rq11kceTiCYzgFDy6gBrdQhwYwGMMjPMOLEztPzqvztmjNOdnMIfyA8/4FqLqPyA==</latexit>

Psat

<latexit sha1_base64="UTFducMhSm8MOYFZrT9uQkvkgCg=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48RjQPSJYwO5lNhszOLjO9Qgj5BC8eFPHqF3nzb5wkK6hoQUNR1U13V5BIYdB1P5zc0vLK6lp+vbCxubW9U9zda5o41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRlczv3XPtRGxusNxwv2IDpQIBaNopVvdG/aKJbfszkG+kVPXu6h6xMuUEmSo94rv3X7M0ogrZJIa0/HcBP0J1SiY5NNCNzU8oWxEB7xjqaIRN/5kfuqUHFmlT8JY21JI5ur3iQmNjBlHge2MKA7Nb28m/uV1UgzP/YlQSYpcscWiMJUEYzL7m/SF5gzl2BLKtLC3EjakmjK06RRsCF+fkv9J86TsVcuVm0qpdpnFkYcDOIRj8OAManANdWgAgwE8wBM8O9J5dF6c10Vrzslm9uEHnLdPdhaN6g==</latexit>rhrelative humidity
<latexit sha1_base64="exyFNQYokQSJPRSj1uTaNbSzxBs=">AAACCnicdVDLSgNBEJyNrxhfUY9eRoPgQcKuxKigEPCSmxHMA5KwzE5mk8HZ2WWmVwjLnr34K148KOLVL/Dm3zh5CFG0oKGo6qa7y4sE12Dbn1Zmbn5hcSm7nFtZXVvfyG9uNXQYK8rqNBShanlEM8ElqwMHwVqRYiTwBGt6t5cjv3nHlOahvIFhxLoB6Uvuc0rASG5+t+YmSdU9wlep2+HSh2F6gZU76Bxi42gCqZsv2EV7DDxDjm3nrOxgZ6oU0BQ1N//R6YU0DpgEKojWbceOoJsQBZwKluY6sWYRobekz9qGShIw3U3Gr6R43yg97IfKlAQ8VmcnEhJoPQw80xkQGOjf3kj8y2vH4J92Ey6jGJikk0V+LDCEeJQL7nHFKIihIYQqbm7FdEAUoWDSy5kQvj/F/5PGUdEpF0vXpULlfBpHFu2gPXSAHHSCKqiKaqiOKLpHj+gZvVgP1pP1ar1NWjPWdGYb/YD1/gVOKJoH</latexit>

PH2O1 = rh Psat

<latexit sha1_base64="7SGBxgV//dCeGiWuDwj/VnNA8cU=">AAAB/XicdVDLSsNAFJ3UV42v+ti5GSyCi1ISqVXBRcGNywp9QRPCZDpph04mYWYixFD8FTcuFHHrf7jzb5y2EarogQuHc+7l3nv8mFGpLOvTKCwtr6yuFdfNjc2t7Z3S7l5HRonApI0jFomejyRhlJO2ooqRXiwICn1Guv74eup374iQNOItlcbEDdGQ04BipLTklQ7ankN5oNKKUzFbOfdKZatqzQAXyJllX9ZtaOdKGeRoeqUPZxDhJCRcYYak7NtWrNwMCUUxIxPTSSSJER6jIelrylFIpJvNrp/AY60MYBAJXVzBmbo4kaFQyjT0dWeI1Ej+9qbiX14/UcGFm1EeJ4pwPF8UJAyqCE6jgAMqCFYs1QRhQfWtEI+QQFjpwEwdwven8H/SOa3a9WrttlZuXOVxFMEhOAInwAbnoAFuQBO0AQb34BE8gxfjwXgyXo23eWvByGf2wQ8Y71+xRpS9</latexit>

U1, T1

<latexit sha1_base64="dqqvSfrOpkMinM9CDqbqAB9W6J0=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48JmBiIFnC7KQ3GTP7YGZWDEu+wIsHRbz6Sd78GyfJClG0oKGo6qa7y4sFV9q2P63c0vLK6lp+vbCxubW9U9zda6kokQybLBKRbHtUoeAhNjXXAtuxRBp4Am+90dXUv71HqXgU3uhxjG5AByH3OaPaSI2HXrFkl+0ZyAI5tZ2LqkOcTClBhnqv+NHtRywJMNRMUKU6jh1rN6VScyZwUugmCmPKRnSAHUNDGqBy09mhE3JklD7xI2kq1GSmLk6kNFBqHHimM6B6qH57U/Evr5No/9xNeRgnGkM2X+QnguiITL8mfS6RaTE2hDLJza2EDamkTJtsCiaE70/J/6R1Unaq5UqjUqpdZnHk4QAO4RgcOIMaXEMdmsAA4RGe4cW6s56sV+tt3pqzspl9+AHr/QsGdo0V</latexit>

x

<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="qZhM8He8BneRzS7vDvpO90xi69k=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48RjAPSJYwO5lNhszOrjO9Qgj5CS8eFPHq73jzb5wkK6hoQUNR1U13V5BIYdB1P5zc0vLK6lp+vbCxubW9U9zda5o41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRlczv3XPtRGxusVxwv2IDpQIBaNopXaj1xUqxHGvWHLL7hzkGzl1vYuqR7xMKUGGeq/43u3HLI24QiapMR3PTdCfUI2CST4tdFPDE8pGdMA7lioaceNP5vdOyZFV+iSMtS2FZK5+n5jQyJhxFNjOiOLQ/PZm4l9eJ8Xw3J8IlaTIFVssClNJMCaz50lfaM5Qji2hTAt7K2FDqilDG1HBhvD1KfmfNE/KXrVcuamUapdZHHk4gEM4Bg/OoAbXUIcGMJDwAE/w7Nw5j86L87pozTnZzD78gPP2CUG2kB0=</latexit>

U1

<latexit sha1_base64="qpBJ8FnrKtrhpHljE3xGWXlXDDc=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48RjAPSJYwO9ubDJl9ODMbCCE/4cWDIl79HW/+jZNkhSha0FBUddPd5SWCK23bn1ZuZXVtfSO/Wdja3tndK+4fNFWcSoYNFotYtj2qUPAIG5prge1EIg09gS1veDPzWyOUisfRvR4n6Ia0H/GAM6qN1O76KDTtjXrFkl225yBL5Nx2rqoOcTKlBBnqveJH149ZGmKkmaBKdRw70e6ESs2ZwGmhmypMKBvSPnYMjWiIyp3M752SE6P4JIilqUiTubo8MaGhUuPQM50h1QP125uJf3mdVAeX7oRHSaoxYotFQSqIjsnseeJziUyLsSGUSW5uJWxAJWXaRFQwIXx/Sv4nzbOyUy1X7iql2nUWRx6O4BhOwYELqMEt1KEBDAQ8wjO8WA/Wk/VqvS1ac1Y2cwg/YL1/AUO1kB4=</latexit>

�v

<latexit sha1_base64="NShcJbFWGxCPCxTqxlvwVGGqDDY=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48eEjAmECyhNlJbzJm9sHMrBCWfIEXD4p49ZO8+TdOkhWiaEFDUdVNd5cXC660bX9auaXlldW1/HphY3Nre6e4u3enokQybLJIRLLtUYWCh9jUXAtsxxJp4AlseaOrqd96QKl4FN7qcYxuQAch9zmj2kiNm16xZJftGcgCObWdi6pDnEwpQYZ6r/jR7UcsCTDUTFClOo4dazelUnMmcFLoJgpjykZ0gB1DQxqgctPZoRNyZJQ+8SNpKtRkpi5OpDRQahx4pjOgeqh+e1PxL6+TaP/cTXkYJxpDNl/kJ4LoiEy/Jn0ukWkxNoQyyc2thA2ppEybbAomhO9Pyf/k7qTsVMuVRqVUu8ziyMMBHMIxOHAGNbiGOjSBAcIjPMOLdW89Wa/W27w1Z2Uz+/AD1vsXw7eM6Q==</latexit>

L

<latexit sha1_base64="NShcJbFWGxCPCxTqxlvwVGGqDDY=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48eEjAmECyhNlJbzJm9sHMrBCWfIEXD4p49ZO8+TdOkhWiaEFDUdVNd5cXC660bX9auaXlldW1/HphY3Nre6e4u3enokQybLJIRLLtUYWCh9jUXAtsxxJp4AlseaOrqd96QKl4FN7qcYxuQAch9zmj2kiNm16xZJftGcgCObWdi6pDnEwpQYZ6r/jR7UcsCTDUTFClOo4dazelUnMmcFLoJgpjykZ0gB1DQxqgctPZoRNyZJQ+8SNpKtRkpi5OpDRQahx4pjOgeqh+e1PxL6+TaP/cTXkYJxpDNl/kJ4LoiEy/Jn0ukWkxNoQyyc2thA2ppEybbAomhO9Pyf/k7qTsVMuVRqVUu8ziyMMBHMIxOHAGNbiGOjSBAcIjPMOLdW89Wa/W27w1Z2Uz+/AD1vsXw7eM6Q==</latexit>

L

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

�c

<latexit sha1_base64="exyFNQYokQSJPRSj1uTaNbSzxBs=">AAACCnicdVDLSgNBEJyNrxhfUY9eRoPgQcKuxKigEPCSmxHMA5KwzE5mk8HZ2WWmVwjLnr34K148KOLVL/Dm3zh5CFG0oKGo6qa7y4sE12Dbn1Zmbn5hcSm7nFtZXVvfyG9uNXQYK8rqNBShanlEM8ElqwMHwVqRYiTwBGt6t5cjv3nHlOahvIFhxLoB6Uvuc0rASG5+t+YmSdU9wlep2+HSh2F6gZU76Bxi42gCqZsv2EV7DDxDjm3nrOxgZ6oU0BQ1N//R6YU0DpgEKojWbceOoJsQBZwKluY6sWYRobekz9qGShIw3U3Gr6R43yg97IfKlAQ8VmcnEhJoPQw80xkQGOjf3kj8y2vH4J92Ey6jGJikk0V+LDCEeJQL7nHFKIihIYQqbm7FdEAUoWDSy5kQvj/F/5PGUdEpF0vXpULlfBpHFu2gPXSAHHSCKqiKaqiOKLpHj+gZvVgP1pP1ar1NWjPWdGYb/YD1/gVOKJoH</latexit>

PH2O1 = rh Psat

<latexit sha1_base64="exyFNQYokQSJPRSj1uTaNbSzxBs=">AAACCnicdVDLSgNBEJyNrxhfUY9eRoPgQcKuxKigEPCSmxHMA5KwzE5mk8HZ2WWmVwjLnr34K148KOLVL/Dm3zh5CFG0oKGo6qa7y4sE12Dbn1Zmbn5hcSm7nFtZXVvfyG9uNXQYK8rqNBShanlEM8ElqwMHwVqRYiTwBGt6t5cjv3nHlOahvIFhxLoB6Uvuc0rASG5+t+YmSdU9wlep2+HSh2F6gZU76Bxi42gCqZsv2EV7DDxDjm3nrOxgZ6oU0BQ1N//R6YU0DpgEKojWbceOoJsQBZwKluY6sWYRobekz9qGShIw3U3Gr6R43yg97IfKlAQ8VmcnEhJoPQw80xkQGOjf3kj8y2vH4J92Ey6jGJikk0V+LDCEeJQL7nHFKIihIYQqbm7FdEAUoWDSy5kQvj/F/5PGUdEpF0vXpULlfBpHFu2gPXSAHHSCKqiKaqiOKLpHj+gZvVgP1pP1ar1NWjPWdGYb/YD1/gVOKJoH</latexit>

PH2O1 = rh Psat

3.2 Practical exemples



frizzing fog 
snow fog

humid air

Vapor pressure

source: dimclim.fr



<latexit sha1_base64="hVAHQAPSH98sdzhsRHsNksXMVSQ=">AAACDXicdVDLSgNBEJz1GeMr6tHLYBQ8hd0Qo4JgwEtuRjAPSMIyO5lNhsw+mOlVwpJ8gBd/xYsHRbx69+bfOEk2EEULGoqqbrq7nFBwBab5ZSwsLi2vrKbW0usbm1vbmZ3dmgoiSVmVBiKQDYcoJrjPqsBBsEYoGfEcwepO/2rs1++YVDzwb2EQsrZHuj53OSWgJTtzWLHjsp3H18NRSzAXJO/2gEgZ3I/ozLm0M1kzZ06A58iJaZ0XLWwlShYlqNiZz1YnoJHHfKCCKNW0zBDaMZHAqWDDdCtSLCS0T7qsqalPPKba8eSbIT7SSge7gdTlA56o8xMx8ZQaeI7u9Aj01G9vLP7lNSNwz9ox98MImE+ni9xIYAjwOBrc4ZJREANNCJVc34ppj0hCQQeY1iHMPsX/k1o+ZxVzhZtCtnSRxJFC++gAHSMLnaISKqMKqiKKHtATekGvxqPxbLwZ79PWBSOZ2UM/YHx8AzlDm6g=</latexit>

PH2O $ cH2O?
<latexit sha1_base64="C74MJy1bQEpPvq9IM9OMOxjferA="></latexit>

PV = nRT ) cH2O =
PH2O

RT

[mol.m-2.s-1]

H2O molar flux:
<latexit sha1_base64="FoNo5n6UI+nqiYqq8oZWyeNwaWw=">AAACBXicdVDLSsNAFJ3UV62vqEtdDBahgpak1KqgUHBT3FjBPqAtYTKdNEMnD2YmQgnZuPFX3LhQxK3/4M6/cdpGqKIHLhzOuZd777FDRoU0jE8tMze/sLiUXc6trK6tb+ibW00RRByTBg5YwNs2EoRRnzQklYy0Q06QZzPSsoeXY791R7iggX8rRyHpeWjgU4diJJVk6btXVlyzSvA6uYBu9xBbsUAyKZhH3HIPLD1vFI0J4Aw5NsyzignNVMmDFHVL/+j2Axx5xJeYISE6phHKXoy4pJiRJNeNBAkRHqIB6SjqI4+IXjz5IoH7SulDJ+CqfAkn6uxEjDwhRp6tOj0kXfHbG4t/eZ1IOqe9mPphJImPp4uciEEZwHEksE85wZKNFEGYU3UrxC7iCEsVXE6F8P0p/J80S0WzUizflPPV8zSOLNgBe6AATHACqqAG6qABMLgHj+AZvGgP2pP2qr1NWzNaOrMNfkB7/wIA1pb8</latexit>

JH2O = h csat(1� rh)
<latexit sha1_base64="BAweiiShvCZlnfK+Egxvlxp/OcA="></latexit>

D

L
Sh ⇠ D

L

✓
U1L

⌫

◆1/2 ⇣ ⌫

D

⌘1/3

fine to call it          ! 
<latexit sha1_base64="gPs1pTt+3mir5YFw1uc9bV69oxw=">AAAB9XicdVDLSgMxFL1TX7W+qi7dhBbBVZmRWhVcFNy4kgr2Ae3YZtJMG5rJDElGKUP/w40LRdz6L+78GzNthSp6IHA4517uyfEizpS27U8rs7S8srqWXc9tbG5t7+R39xoqjCWhdRLyULY8rChngtY105y2Iklx4HHa9EaXqd+8p1KxUNzqcUTdAA8E8xnB2kh3vV4nwHoog+Q6nhS6+aJdsqdAC+TEds4rDnLmShHmqHXzH51+SOKACk04Vqrt2JF2Eyw1I5xOcp1Y0QiTER7QtqECB1S5yTT1BB0apY/8UJonNJqqixsJDpQaB56ZTDOq314q/uW1Y+2fuQkTUaypILNDfsyRDlFaAeozSYnmY0MwkcxkRWSIJSbaFJUzJXz/FP1PGsclp1Iq35SL1Yt5HVk4gAIcgQOnUIUrqEEdCEh4hGd4sR6sJ+vVepuNZqz5zj78gPX+Ba7WkqE=</latexit>

“Nu”
<latexit sha1_base64="voEXz1E4+BJHdjEZtXmfGGvbjbY="></latexit>

JH2O ⇠ D

L

✓
U1L

⌫

◆1/2 ⇣ ⌫

D

⌘1/3
csat(1� rh)

mass flux:
<latexit sha1_base64="++76m+gEuCQ52heHc2ItqPvwDFw=">AAACCnicdZDLSsNAFIYnXmu9RV26GS2Cq5KUWhUUCm5KQaxgL9CGMJlO2qGTSZiZCCV07cZXceNCEbc+gTvfxmmbQhX9YeDjP+dw5vxexKhUlvVlLCwuLa+sZtay6xubW9vmzm5DhrHApI5DFoqWhyRhlJO6ooqRViQICjxGmt7galxv3hMhacjv1DAiToB6nPoUI6Ut1zyoukngJhW3AG9Go8vrGcLqjFwzZ+WtieAcnFj2ecmGdurkQKqaa352uiGOA8IVZkjKtm1FykmQUBQzMsp2YkkihAeoR9oaOQqIdJLJKSN4pJ0u9EOhH1dw4s5PJCiQchh4ujNAqi9/18bmX7V2rPwzJ6E8ihXheLrIjxlUIRznArtUEKzYUAPCguq/QtxHAmGl08vqEGaXwv+hUcjbpXzxtpgrX6RxZMA+OATHwAanoAwqoAbqAIMH8ARewKvxaDwbb8b7tHXBSGf2wA8ZH9+ahpjt</latexit>

JmH2O = MH2OJH2O [kg.m-2.s-1]

volumic flux:
<latexit sha1_base64="C5q0SJecrMIJ5S9ufUlkHuUNWRY=">AAACG3icdVBLSwMxGMzWV62vVY9egkXwVHZLrQoKBS/FixXsA7rLkk2zbWj2QZItlGX/hxf/ihcPingSPPhvTNu1VNGBwGRmPpJv3IhRIQ3jU8stLa+sruXXCxubW9s7+u5eS4Qxx6SJQxbyjosEYTQgTUklI52IE+S7jLTd4dXEb48IFzQM7uQ4IraP+gH1KEZSSY5evnaSkZPUnTK8SdNLy+MIJ2aaWHwQzmWoQv785uhFo2RMARfIiWGeV01oZkoRZGg4+rvVC3Hsk0BihoTomkYk7QRxSTEjacGKBYkQHqI+6SoaIJ8IO5nulsIjpfSgF3J1Agmn6uJEgnwhxr6rkj6SA/Hbm4h/ed1Yemd2QoMoliTAs4e8mEEZwklRsEc5wZKNFUGYU/VXiAdI1SNVnQVVwvem8H/SKpfMaqlyWynWLrI68uAAHIJjYIJTUAN10ABNgME9eATP4EV70J60V+1tFs1p2cw++AHt4wscTqDV</latexit>

JvH2O =
1

⇢H2O
JmH2O

if      fixed,                                      higher evaporation <latexit sha1_base64="UTFducMhSm8MOYFZrT9uQkvkgCg=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48RjQPSJYwO5lNhszOLjO9Qgj5BC8eFPHqF3nzb5wkK6hoQUNR1U13V5BIYdB1P5zc0vLK6lp+vbCxubW9U9zda5o41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRlczv3XPtRGxusNxwv2IDpQIBaNopVvdG/aKJbfszkG+kVPXu6h6xMuUEmSo94rv3X7M0ogrZJIa0/HcBP0J1SiY5NNCNzU8oWxEB7xjqaIRN/5kfuqUHFmlT8JY21JI5ur3iQmNjBlHge2MKA7Nb28m/uV1UgzP/YlQSYpcscWiMJUEYzL7m/SF5gzl2BLKtLC3EjakmjK06RRsCF+fkv9J86TsVcuVm0qpdpnFkYcDOIRj8OAManANdWgAgwE8wBM8O9J5dF6c10Vrzslm9uEHnLdPdhaN6g==</latexit>rh
<latexit sha1_base64="eZNhY1MSrd2+v5rFNCSrLooEBfU=">AAACGnicdVBNS8NAEN3Ur1q/oh69LBbBU0lEq4KHghePVfoFbSib7bZdutmE3YlSQv0bXvwrXjwo4k28+G/cthGq1AcDj/dmmJnnR4JrcJwvK7OwuLS8kl3Nra1vbG7Z2zs1HcaKsioNRagaPtFMcMmqwEGwRqQYCXzB6v7gcuzXb5nSPJQVGEbMC0hP8i6nBIzUtt1KSzKiVHh337rhvT5MOW0nmsBonte2807BmQDPkBPHPS+62E2VPEpRbtsfrU5I44BJoIJo3XSdCLyEKOBUsFGuFWsWETogPdY0VJKAaS+ZvDbCB0bp4G6oTEnAE3V2IiGB1sPAN50Bgb7+643FeV4zhu6Zl3AZxcAknS7qxgJDiMc54Q5XjIIYGkKo4uZWTPtEEQomzZwJ4edT/D+pHRXcYuH4+jhfukjjyKI9tI8OkYtOUQldoTKqIooe0BN6Qa/Wo/VsvVnv09aMlc7sol+wPr8B0iijPA==</latexit>

T % ) csat % )

[m.s-1]

mol.m-3



Numerical estimate:
<latexit sha1_base64="NShcJbFWGxCPCxTqxlvwVGGqDDY=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48eEjAmECyhNlJbzJm9sHMrBCWfIEXD4p49ZO8+TdOkhWiaEFDUdVNd5cXC660bX9auaXlldW1/HphY3Nre6e4u3enokQybLJIRLLtUYWCh9jUXAtsxxJp4AlseaOrqd96QKl4FN7qcYxuQAch9zmj2kiNm16xZJftGcgCObWdi6pDnEwpQYZ6r/jR7UcsCTDUTFClOo4dazelUnMmcFLoJgpjykZ0gB1DQxqgctPZoRNyZJQ+8SNpKtRkpi5OpDRQahx4pjOgeqh+e1PxL6+TaP/cTXkYJxpDNl/kJ4LoiEy/Jn0ukWkxNoQyyc2thA2ppEybbAomhO9Pyf/k7qTsVMuVRqVUu8ziyMMBHMIxOHAGNbiGOjSBAcIjPMOLdW89Wa/W27w1Z2Uz+/AD1vsXw7eM6Q==</latexit>

L = 1m
<latexit sha1_base64="0s7f0mHORkRnkMRtP6Sf7P20+So=">AAAB8HicdVBNSwMxEJ2tX7V+VT16CRbBU9kVrQoeCl48VnDbSruUbJptQ5PskmSFpfRXePGgiFd/jjf/jWm7QhV9MPB4b4aZeWHCmTau++kUlpZXVteK66WNza3tnfLuXlPHqSLUJzGPVTvEmnImqW+Y4bSdKIpFyGkrHF1P/dYDVZrF8s5kCQ0EHkgWMYKNle79XpfJyGSoV664VXcGtEDOXO+y5iEvVyqQo9Erf3T7MUkFlYZwrHXHcxMTjLEyjHA6KXVTTRNMRnhAO5ZKLKgOxrODJ+jIKn0UxcqWNGimLk6MsdA6E6HtFNgM9W9vKv7ldVITXQRjJpPUUEnmi6KUIxOj6feozxQlhmeWYKKYvRWRIVaYGJtRyYbw/Sn6nzRPql6tenp7Wqlf5XEU4QAO4Rg8OIc63EADfCAg4BGe4cVRzpPz6rzNWwtOPrMPP+C8fwGaYpBH</latexit>

U1~ 5 m/s

<latexit sha1_base64="+R+tlBTWDNV3VnLneLPze/Xoaso=">AAAB9HicdVBNS8NAEJ34WetX1aOXxSJ4qkmpVcFDQQ+9WcF+QBvCZrttl242cXdTKKG/w4sHRbz6Y7z5b9y2Earog4HHezPMzPMjzpS27U9raXlldW09s5Hd3Nre2c3t7TdUGEtC6yTkoWz5WFHOBK1rpjltRZLiwOe06Q+vp35zRKViobjX44i6Ae4L1mMEayO5N15S9Yro9hQzOfFyebtgz4AWyJntXJYd5KRKHlLUvNxHpxuSOKBCE46Vajt2pN0ES80Ip5NsJ1Y0wmSI+7RtqMABVW4yO3qCjo3SRb1QmhIazdTFiQQHSo0D33QGWA/Ub28q/uW1Y927cBMmolhTQeaLejFHOkTTBFCXSUo0HxuCiWTmVkQGWGKiTU5ZE8L3p+h/0igWnHKhdFfKV67SODJwCEdwAg6cQwWqUIM6EHiAR3iGF2tkPVmv1tu8dclKZw7gB6z3L6rKkWM=</latexit>

DH2O/air = 2,6.10-5 m2/s <latexit sha1_base64="oSHzwYKMC6+jMpPMYsEqhNgVkQg=">AAAB8HicdVBNSwMxEJ2tX7V+VT16CRbBU9mVtip4KHjxWMF+SLuUbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7QhV9MPB4b4aZeUHMmTau++nkVlbX1jfym4Wt7Z3dveL+QUtHiSK0SSIeqU6ANeVM0qZhhtNOrCgWAaftYHw989sPVGkWyTsziakv8FCykBFsrHTfk0k/xUxN+8WSW3bnQEuk6nqXNQ95mVKCDI1+8aM3iEgiqDSEY627nhsbP8XKMMLptNBLNI0xGeMh7VoqsaDaT+cHT9GJVQYojJQtadBcXZ5IsdB6IgLbKbAZ6d/eTPzL6yYmvPBTJuPEUEkWi8KEIxOh2fdowBQlhk8swUQxeysiI6wwMTajgg3h+1P0P2mdlb1auXJbKdWvsjjycATHcAoenEMdbqABTSAg4BGe4cVRzpPz6rwtWnNONnMIP+C8fwFRXpC/</latexit>⌫air = 1,5.10-5 m2/s
<latexit sha1_base64="d2ALis82HexbONAjkg+UCKf2P9Y=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48RjAPSJYwO5kkQ2Znl5leISz5CC8eFPHq93jzb5wkK0TRgoaiqpvuriCWwqDrfjq5ldW19Y38ZmFre2d3r7h/0DRRohlvsEhGuh1Qw6VQvIECJW/HmtMwkLwVjG9mfuuBayMidY+TmPshHSoxEIyilVr1XmooTnvFklt25yBL5Nz1rqoe8TKlBBnqveJHtx+xJOQKmaTGdDw3Rj+lGgWTfFroJobHlI3pkHcsVTTkxk/n507JiVX6ZBBpWwrJXF2eSGlozCQMbGdIcWR+ezPxL6+T4ODST4WKE+SKLRYNEkkwIrPfSV9ozlBOLKFMC3srYSOqKUObUMGG8P0p+Z80z8petVy5q5Rq11kceTiCYzgFDy6gBrdQhwYwGMMjPMOLEztPzqvztmjNOdnMIfyA8/4FqLqPyA==</latexit>

Psat = 2.3 kPa <latexit sha1_base64="RbNusWvAC8Ri5ZPBYyhwH0n9Znc=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgqiSiVcFFwY3LKvYBbQiT6aQdOnkwc6OE0P6KGxeKuPVD3Pk3TtsIVfTAhcM593LvPV4suALL+jQKS8srq2vF9dLG5tb2jrm711JRIilr0khEsuMRxQQPWRM4CNaJJSOBJ1jbG11N/fY9k4pH4R2kMXMCMgi5zykBLblmuXfLB0MgUkYPE+pmisDYNStW1ZoBL5BTy76o2djOlQrK0XDNj14/oknAQqCCKNW1rRicjEjgVLBxqZcoFhM6IgPW1TQkAVNONjt+jA+10sd+JHWFgGfq4kRGAqXSwNOdAYGh+u1Nxb+8bgL+uZPxME6AhXS+yE8EhghPk8B9LhkFkWpCqOT6VkyHRBIKOq+SDuH7U/w/aR1X7Vr15OakUr/M4yiifXSAjpCNzlAdXaMGaiKKUvSIntGLMTGejFfjbd5aMPKZMvoB4/0L0B2Vhw==</latexit>) csat = 0.9 mol/m3

[mol.m-2.s-1]

[kg.m-2.s-1]

[µm/s]

to evaporate 0.5 kg/m2 of water (i.e. 0.5 mm) with      = 50% <latexit sha1_base64="UTFducMhSm8MOYFZrT9uQkvkgCg=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48RjQPSJYwO5lNhszOLjO9Qgj5BC8eFPHqF3nzb5wkK6hoQUNR1U13V5BIYdB1P5zc0vLK6lp+vbCxubW9U9zda5o41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRlczv3XPtRGxusNxwv2IDpQIBaNopVvdG/aKJbfszkG+kVPXu6h6xMuUEmSo94rv3X7M0ogrZJIa0/HcBP0J1SiY5NNCNzU8oWxEB7xjqaIRN/5kfuqUHFmlT8JY21JI5ur3iQmNjBlHge2MKA7Nb28m/uV1UgzP/YlQSYpcscWiMJUEYzL7m/SF5gzl2BLKtLC3EjakmjK06RRsCF+fkv9J86TsVcuVm0qpdpnFkYcDOIRj8OAManANdWgAgwE8wBM8O9J5dF6c10Vrzslm9uEHnLdPdhaN6g==</latexit>rh

~ 2h

2 faces

probably underestimated: evaporation ⇒ cooling down ⇒               ⇒  
<latexit sha1_base64="hgDbnGCc+yeAcC0rCG40wywLG4Q=">AAAB+HicdVBNS8NAEN3Ur1o/GvXoZbEInkoiWhU8FLx4rGA/oA1hs520SzebsLtRaugv8eJBEa/+FG/+G7dthCr6YODx3gwz84KEM6Ud59MqLC2vrK4V10sbm1vbZXtnt6XiVFJo0pjHshMQBZwJaGqmOXQSCSQKOLSD0dXUb9+BVCwWt3qcgBeRgWAho0QbybfL1M8U0ZOeAiJlfO/bFafqzIAXyKnjXtRc7OZKBeVo+PZHrx/TNAKhKSdKdV0n0V5GpGaUw6TUSxUkhI7IALqGChKB8rLZ4RN8aJQ+DmNpSmg8UxcnMhIpNY4C0xkRPVS/van4l9dNdXjuZUwkqQZB54vClGMd42kKuM8kUM3HhhAqmbkV0yGRhGqTVcmE8P0p/p+0jqturXpyc1KpX+ZxFNE+OkBHyEVnqI6uUQM1EUUpekTP6MV6sJ6sV+tt3lqw8pk99APW+xelNpO7</latexit>

csat &
<latexit sha1_base64="eIhZs4sz4rOL4xQ1zykMqQHIeqE=">AAAB+nicdVDLSgMxFM3UV62vqS7dBIvgqsyUWhVcFNwUN1awD2iHIZNm2tBMMiQZSxn7KW5cKOLWL3Hn35g+hCp64MLhnHu5954gZlRpx/m0Miura+sb2c3c1vbO7p6d328qkUhMGlgwIdsBUoRRThqaakbasSQoChhpBcOrqd+6J1JRwe/0OCZehPqchhQjbSTfzl/7ac0vwZtJVxEkpRj5dsEpOjPAJXLquBcVF7oLpQAWqPv2R7cncBIRrjFDSnVcJ9ZeiqSmmJFJrpsoEiM8RH3SMZSjiCgvnZ0+gcdG6cFQSFNcw5m6PJGiSKlxFJjOCOmB+u1Nxb+8TqLDcy+lPE404Xi+KEwY1AJOc4A9KgnWbGwIwpKaWyEeIImwNmnlTAjfn8L/SbNUdCvF8m25UL1cxJEFh+AInAAXnIEqqIE6aAAMRuARPIMX68F6sl6tt3lrxlrMHIAfsN6/AMv2k7Y=</latexit>

JH2O &

 (with prefactor 0.33 for      ) 
<latexit sha1_base64="LpOer8KAmwr/OpvFecqIt9aC1Fo=">AAAB6XicdVDLSgNBEOyJrxhfUY9eBoPgKexKjAoeAl48xkcekCxhdjKbDJmdXWZmhbDkD7x4UMSrf+TNv3GSrBBFCxqKqm66u/xYcG0c5xPllpZXVtfy64WNza3tneLuXlNHiaKsQSMRqbZPNBNcsobhRrB2rBgJfcFa/uhq6rcemNI8kvdmHDMvJAPJA06JsdLt3bBXLDllZwa8QE4d96LqYjdTSpCh3it+dPsRTUImDRVE647rxMZLiTKcCjYpdBPNYkJHZMA6lkoSMu2ls0sn+MgqfRxEypY0eKYuTqQk1Hoc+rYzJGaof3tT8S+vk5jg3Eu5jBPDJJ0vChKBTYSnb+M+V4waMbaEUMXtrZgOiSLU2HAKNoTvT/H/pHlSdqvlyk2lVLvM4sjDARzCMbhwBjW4hjo0gEIAj/AML2iEntArepu35lA2sw8/gN6/AJE5jWI=</latexit>

Sh

<latexit sha1_base64="+cGSV3tGkJaBb0zqWLOVTjfGrY4=">AAACBHicdVDLSgMxFM3UV62vUZfdBItQQctMrVXBRcFNcWMF+4DOMGTSTBuaeZBkhDJ04cZfceNCEbd+hDv/xrQdoYoeuHByzr3k3uNGjAppGJ9aZmFxaXklu5pbW9/Y3NK3d1oijDkmTRyykHdcJAijAWlKKhnpRJwg32Wk7Q4vJ377jnBBw+BWjiJi+6gfUI9iJJXk6PkrJ6k7ZXg9tgT1oVEyjq3DonnEncGBoxfUewo4R04M87xqQjNVCiBFw9E/rF6IY58EEjMkRNc0ImkniEuKGRnnrFiQCOEh6pOuogHyibCT6RFjuK+UHvRCriqQcKrOTyTIF2Lku6rTR3IgfnsT8S+vG0vvzE5oEMWSBHj2kRczKEM4SQT2KCdYspEiCHOqdoV4gDjCUuWWUyF8Xwr/J61yyayWKjeVQu0ijSML8mAPFIEJTkEN1EEDNAEG9+ARPIMX7UF70l61t1lrRktndsEPaO9f5puVsQ==</latexit>

JH2O ⇠ 0.03 (1� rh)

<latexit sha1_base64="x9NE7KC/NVKAGzdXOGVmaImKQ58=">AAACC3icdVC7SgNBFJ2Nrxhfq5Y2Q4IQi4TdkIeCRcAm2BjBPCCJy+xkkgyZ2V1mZoWwbG/jr9hYKGLrD9j5N04eQhQ9cOFwzr3ce48bMCqVZX0aiZXVtfWN5GZqa3tnd8/cP2hKPxSYNLDPfNF2kSSMeqShqGKkHQiCuMtIyx1fTP3WHRGS+t6NmgSkx9HQowOKkdKSY6YvnYg7Uc0pwKs47krKYSVvW7dRrhRn7ZxwRieOmbHy1gxwiZQs+6xsQ3uhZMACdcf86PZ9HHLiKcyQlB3bClQvQkJRzEic6oaSBAiP0ZB0NPUQJ7IXzX6J4bFW+nDgC12egjN1eSJCXMoJd3UnR2okf3tT8S+vE6rBaS+iXhAq4uH5okHIoPLhNBjYp4JgxSaaICyovhXiERIIKx1fSofw/Sn8nzQLebucL14XM9XzRRxJcATSIAtsUAFVUAN10AAY3INH8AxejAfjyXg13uatCWMxcwh+wHj/Ar6imPA=</latexit>

JmH2O ⇠ 7.10�5(1� rh)

<latexit sha1_base64="ZBBT8xWrwGZnwZNqQrv3uT2SVVE=">AAACCHicdVDLSgMxFM34rPU16tKFwSJU0DJTaqvgouCmuLGCfUBnGDJppg3NPEgyhTJ06cZfceNCEbd+gjv/xrQdoYoeuHByzr3k3uNGjAppGJ/awuLS8spqZi27vrG5ta3v7DZFGHNMGjhkIW+7SBBGA9KQVDLSjjhBvstIyx1cTfzWkHBBw+BOjiJi+6gXUI9iJJXk6AfXTjJ0kppThDfjsSWoD42CUbFO8uYpd/rHjp5T7yngHDkzzIuyCc1UyYEUdUf/sLohjn0SSMyQEB3TiKSdIC4pZmSctWJBIoQHqEc6igbIJ8JOpoeM4ZFSutALuapAwqk6P5EgX4iR76pOH8m++O1NxL+8Tiy9czuhQRRLEuDZR17MoAzhJBXYpZxgyUaKIMyp2hXiPuIIS5VdVoXwfSn8nzSLBbNcKN2WctXLNI4M2AeHIA9MUAFVUAN10AAY3INH8AxetAftSXvV3matC1o6swd+QHv/Am3hl6o=</latexit>

JvH2O ⇠ 0.07 (1� rh)

<latexit sha1_base64="2h14xTwgDU/Pz4mKEqIcv2Hapk8=">AAACNnicdZDLSgMxFIYz9VbrrerSTb AIbiwztRcFFwU3boQKthU6tWTSTBuauZCcKZRhnsqNz+GuGxeKuPURTC9KFT0Q+Pm/czg5vxMKrsA0x0ZqaXlldS29ntnY3Nreye7uNVQQScrqNBCBvHOIYoL7rA4cBLsLJSOeI1jTGVxOeHPIpOKBfwujkLU90vO5yykBbXWy1zaQqBOzIQkTW3EP264kNDbzJZt2A8CWeR+fnCZJXLCBe0xhM29W8AIrJ9+glHSyOc2nhRdEybTOyxa25k4OzavWyT7Z3YBGHvOBCqJUyzJDaMdEAqeCJRk7UiwkdEB6rKWlT/Smdjw9O8FH2uliN5D6+YCn7uJETDylRp6jOz0CffWbTcy/WCsC96wdcz+MgPl0tsiNBIYATzLEXS4ZBTHSglDJ9V8x7ROdG+ikMzqEr0vx/6JRyFvlfPGmmKtezONIowN0iI6RhSqoiq5QDdURRQ9ojF7Qq/FoPBtvxvusNWXMZ/bRjzI+PgHRl6oS</latexit>

⌧evap ⇠ 0.5 · 10�3

2⇥ 0.07 · 10�6 ⇥ 0.5



3.2.2 Clay pot cooling

<latexit sha1_base64="ZhP2tUSIFJegn1hzWAcurL6wL1A=">AAAB8HicdVBNS8NAEJ34WetX1aOXxSJ4KkmpVcFDwUvxYgX7IW0Im+2mXbqbhN2NUEJ/hRcPinj153jz37htI1TRBwOP92aYmefHnClt25/W0vLK6tp6biO/ubW9s1vY22+pKJGENknEI9nxsaKchbSpmea0E0uKhc9p2x9dTf32A5WKReGdHsfUFXgQsoARrI10f+2lda+MbiZeoWiX7BnQAjm1nYuqg5xMKUKGhlf46PUjkggaasKxUl3HjrWbYqkZ4XSS7yWKxpiM8IB2DQ2xoMpNZwdP0LFR+iiIpKlQo5m6OJFiodRY+KZTYD1Uv72p+JfXTXRw7qYsjBNNQzJfFCQc6QhNv0d9JinRfGwIJpKZWxEZYomJNhnlTQjfn6L/Satccqqlym2lWLvM4sjBIRzBCThwBjWoQwOaQEDAIzzDiyWtJ+vVepu3LlnZzAH8gPX+Be0ij9Y=</latexit>

JH2O

evaporation ⇒ latent heat

heat flux at the surface

W/m2

standard fridge ~ 30 to 50 W

in the shade !

<latexit sha1_base64="q+pp0kSaxuaDp3OeX8kuVRl41Z4=">AAACDHicdVDNSgMxGMzWv1r/qh69BIvgQcpuqVVBoeCliGAF+wPtsmTTbBua7C5JtlCWfQAvvooXD4p49QG8+Tam7QpVdCAwzDdfkhk3ZFQq0/w0MguLS8sr2dXc2vrG5lZ+e6cpg0hg0sABC0TbRZIw6pOGooqRdigI4i4jLXd4OZm3RkRIGvh3ahwSm6O+Tz2KkdKSky9cOTFDivgqgRfw2olHKEy6R1rlTlxzSvAmSbTLLJpTwDlybFpnFQtaqVIAKepO/qPbC3DE9a2YISk7lhkqO0ZCUcxIkutGkoQID1GfdDT1ESfSjqdhEniglR70AqGPr+BUnd+IEZdyzF3t5EgN5O/ZRPxr1omUd2rH1A8jHRfPHvIiBlUAJ83AHhUEKzbWBGFB9V8hHiCBsNL95XQJ30nh/6RZKlqVYvm2XKiep3VkwR7YB4fAAiegCmqgDhoAg3vwCJ7Bi/FgPBmvxtvMmjHSnV3wA8b7F+20muc=</latexit>

Jlatent = Lvap JmH2O

<latexit sha1_base64="2vKJW2JM6c17onKdmK2+hss2m+I=">AAACBXicdVBLSwMxGMzWV62vVY96CBahgpaNtFXBQ8GLeKpgH9BdlmyataHZB0lWKEsvXvwrXjwo4tX/4M1/Y9quUEUHAsPM9yWZ8WLOpLKsTyM3N7+wuJRfLqysrq1vmJtbLRklgtAmiXgkOh6WlLOQNhVTnHZiQXHgcdr2Bhdjv31HhWRReKOGMXUCfBsynxGstOSau1duyrGioRpBW7IAoqplH5bQkXD7B65ZtMrWBHCGVC10VkMQZUoRZGi45ofdi0gS6OsIx1J2kRUrJ8VCMcLpqGAnksaYDPAt7Woa4oBKJ52kGMF9rfSgHwl9QgUn6uxGigMph4GnJwOs+vK3Nxb/8rqJ8k+dlIVxonOS6UN+wqGK4LgS2GOCEsWHmmAimP4rJH0sMFG6uIIu4Tsp/J+0jsuoVq5cV4r186yOPNgBe6AEEDgBdXAJGqAJCLgHj+AZvBgPxpPxarxNR3NGtrMNfsB4/wL67pbw</latexit>

Jlatent ⇠ 150 (1� rh)



3.2.3 Thermal balance
<latexit sha1_base64="7SGBxgV//dCeGiWuDwj/VnNA8cU=">AAAB/XicdVDLSsNAFJ3UV42v+ti5GSyCi1ISqVXBRcGNywp9QRPCZDpph04mYWYixFD8FTcuFHHrf7jzb5y2EarogQuHc+7l3nv8mFGpLOvTKCwtr6yuFdfNjc2t7Z3S7l5HRonApI0jFomejyRhlJO2ooqRXiwICn1Guv74eup374iQNOItlcbEDdGQ04BipLTklQ7ankN5oNKKUzFbOfdKZatqzQAXyJllX9ZtaOdKGeRoeqUPZxDhJCRcYYak7NtWrNwMCUUxIxPTSSSJER6jIelrylFIpJvNrp/AY60MYBAJXVzBmbo4kaFQyjT0dWeI1Ej+9qbiX14/UcGFm1EeJ4pwPF8UJAyqCE6jgAMqCFYs1QRhQfWtEI+QQFjpwEwdwven8H/SOa3a9WrttlZuXOVxFMEhOAInwAbnoAFuQBO0AQb34BE8gxfjwXgyXo23eWvByGf2wQ8Y71+xRpS9</latexit>

U1, T1

<latexit sha1_base64="dqqvSfrOpkMinM9CDqbqAB9W6J0=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48JmBiIFnC7KQ3GTP7YGZWDEu+wIsHRbz6Sd78GyfJClG0oKGo6qa7y4sFV9q2P63c0vLK6lp+vbCxubW9U9zda6kokQybLBKRbHtUoeAhNjXXAtuxRBp4Am+90dXUv71HqXgU3uhxjG5AByH3OaPaSI2HXrFkl+0ZyAI5tZ2LqkOcTClBhnqv+NHtRywJMNRMUKU6jh1rN6VScyZwUugmCmPKRnSAHUNDGqBy09mhE3JklD7xI2kq1GSmLk6kNFBqHHimM6B6qH57U/Evr5No/9xNeRgnGkM2X+QnguiITL8mfS6RaTE2hDLJza2EDamkTJtsCiaE70/J/6R1Unaq5UqjUqpdZnHk4QAO4RgcOIMaXEMdmsAA4RGe4cW6s56sV+tt3pqzspl9+AHr/QsGdo0V</latexit>

x

<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="qZhM8He8BneRzS7vDvpO90xi69k=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48RjAPSJYwO5lNhszOrjO9Qgj5CS8eFPHq73jzb5wkK6hoQUNR1U13V5BIYdB1P5zc0vLK6lp+vbCxubW9U9zda5o41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRlczv3XPtRGxusVxwv2IDpQIBaNopXaj1xUqxHGvWHLL7hzkGzl1vYuqR7xMKUGGeq/43u3HLI24QiapMR3PTdCfUI2CST4tdFPDE8pGdMA7lioaceNP5vdOyZFV+iSMtS2FZK5+n5jQyJhxFNjOiOLQ/PZm4l9eJ8Xw3J8IlaTIFVssClNJMCaz50lfaM5Qji2hTAt7K2FDqilDG1HBhvD1KfmfNE/KXrVcuamUapdZHHk4gEM4Bg/OoAbXUIcGMJDwAE/w7Nw5j86L87pozTnZzD78gPP2CUG2kB0=</latexit>

U1

<latexit sha1_base64="qpBJ8FnrKtrhpHljE3xGWXlXDDc=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48RjAPSJYwO9ubDJl9ODMbCCE/4cWDIl79HW/+jZNkhSha0FBUddPd5SWCK23bn1ZuZXVtfSO/Wdja3tndK+4fNFWcSoYNFotYtj2qUPAIG5prge1EIg09gS1veDPzWyOUisfRvR4n6Ia0H/GAM6qN1O76KDTtjXrFkl225yBL5Nx2rqoOcTKlBBnqveJH149ZGmKkmaBKdRw70e6ESs2ZwGmhmypMKBvSPnYMjWiIyp3M752SE6P4JIilqUiTubo8MaGhUuPQM50h1QP125uJf3mdVAeX7oRHSaoxYotFQSqIjsnseeJziUyLsSGUSW5uJWxAJWXaRFQwIXx/Sv4nzbOyUy1X7iql2nUWRx6O4BhOwYELqMEt1KEBDAQ8wjO8WA/Wk/VqvS1ac1Y2cwg/YL1/AUO1kB4=</latexit>

�v

<latexit sha1_base64="NShcJbFWGxCPCxTqxlvwVGGqDDY=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48eEjAmECyhNlJbzJm9sHMrBCWfIEXD4p49ZO8+TdOkhWiaEFDUdVNd5cXC660bX9auaXlldW1/HphY3Nre6e4u3enokQybLJIRLLtUYWCh9jUXAtsxxJp4AlseaOrqd96QKl4FN7qcYxuQAch9zmj2kiNm16xZJftGcgCObWdi6pDnEwpQYZ6r/jR7UcsCTDUTFClOo4dazelUnMmcFLoJgpjykZ0gB1DQxqgctPZoRNyZJQ+8SNpKtRkpi5OpDRQahx4pjOgeqh+e1PxL6+TaP/cTXkYJxpDNl/kJ4LoiEy/Jn0ukWkxNoQyyc2thA2ppEybbAomhO9Pyf/k7qTsVMuVRqVUu8ziyMMBHMIxOHAGNbiGOjSBAcIjPMOLdW89Wa/W27w1Z2Uz+/AD1vsXw7eM6Q==</latexit>

L

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

�c
<latexit sha1_base64="Vy4MlbeiCH354dwg85UluBlkuYI=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiDES5hIUA8eAl48RsgGkyH09PQkTXq6h+4aMQz5DC8eFPHq13jzb+wsQtweFDzeq6KqXpAIbsB1P5zcyura+kZ+s7C1vbO7V9w/aBuVaspaVAmluwExTHDJWsBBsG6iGYkDwTrB6Hrqd+6YNlzJJowT5sdkIHnEKQEreb2QCSD9Zvn+tF8sVSvuDNj9Rb6sElqg0S++90JF05hJoIIY41XdBPyMaOBUsEmhlxqWEDoiA+ZZKknMjJ/NTp7gE6uEOFLalgQ8U5cnMhIbM44D2xkTGJqf3lT8y/NSiC79jMskBSbpfFGUCgwKT//HIdeMghhbQqjm9lZMh0QTCjalwnII/5P2WaV6Xqnd1kr1q0UceXSEjlEZVdEFqqMb1EAtRJFCD+gJPTvgPDovzuu8NecsZg7RNzhvn5xBkM4=</latexit>

�T (x)

<latexit sha1_base64="nXy9diiABNg05pflMSBPPRe4bY8=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4CjMS1IOHgBePEbNBMoSeTk/SpKdn6K4RwpBP8OJBEa9+kTf/xs4ixO1BweO9KqrqBYkUBl33w8mtrK6tb+Q3C1vbO7t7xf2DpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdD31W/dcGxGrOo4T7kd0oEQoGEUr3dV7plcseWV3BuL+Il9WCRao9Yrv3X7M0ogrZJIa0/HcBP2MahRM8kmhmxqeUDaiA96xVNGIGz+bnTohJ1bpkzDWthSSmbo8kdHImHEU2M6I4tD89KbiX14nxfDSz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp7Acwv+keVb2zsuV20qperWIIw9HcAyn4MEFVOEGatAABgN4gCd4dqTz6Lw4r/PWnLOYOYRvcN4+ATuAjcI=</latexit>

Ts

<latexit sha1_base64="Y3c5MFJiyBgkzn5xUa5cmDgH3A8=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4CjMS1IOHgBePEbJBMoSeTk/SpKdn7K4RhpCf8OJBEa/+jjf/xs4ixO1BweO9KqrqBYkUBl33w8mtrK6tb+Q3C1vbO7t7xf2DpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdD31W/dcGxGrOmYJ9yM6UCIUjKKV2vVeV6gQs16x5JXdGYj7i3xZJVig1iu+d/sxSyOukElqTMdzE/THVKNgkk8K3dTwhLIRHfCOpYpG3Pjj2b0TcmKVPgljbUshmanLE2MaGZNFge2MKA7NT28q/uV1Ugwv/bFQSYpcsfmiMJUEYzJ9nvSF5gxlZgllWthbCRtSTRnaiArLIfxPmmdl77xcua2UqleLOPJwBMdwCh5cQBVuoAYNYCDhAZ7g2blzHp0X53XemnMWM4fwDc7bJyKdkAc=</latexit>

T1

<latexit sha1_base64="exyFNQYokQSJPRSj1uTaNbSzxBs=">AAACCnicdVDLSgNBEJyNrxhfUY9eRoPgQcKuxKigEPCSmxHMA5KwzE5mk8HZ2WWmVwjLnr34K148KOLVL/Dm3zh5CFG0oKGo6qa7y4sE12Dbn1Zmbn5hcSm7nFtZXVvfyG9uNXQYK8rqNBShanlEM8ElqwMHwVqRYiTwBGt6t5cjv3nHlOahvIFhxLoB6Uvuc0rASG5+t+YmSdU9wlep2+HSh2F6gZU76Bxi42gCqZsv2EV7DDxDjm3nrOxgZ6oU0BQ1N//R6YU0DpgEKojWbceOoJsQBZwKluY6sWYRobekz9qGShIw3U3Gr6R43yg97IfKlAQ8VmcnEhJoPQw80xkQGOjf3kj8y2vH4J92Ey6jGJikk0V+LDCEeJQL7nHFKIihIYQqbm7FdEAUoWDSy5kQvj/F/5PGUdEpF0vXpULlfBpHFu2gPXSAHHSCKqiKaqiOKLpHj+gZvVgP1pP1ar1NWjPWdGYb/YD1/gVOKJoH</latexit>

PH2O1 = rh Psat

<latexit sha1_base64="D/Dc/72Xt4rTOdbayQXQbYDJr0c="></latexit>

JT ⇠ 

L

✓
U1L

⌫

◆1/2 ⇣ ⌫

↵

⌘1/3
(T1 � Ts)

heat flux from the fluid to the surface

heat flux from latent heat<latexit sha1_base64="2Xz4ucLCErNvk8NuSyvCdb3qBlg="></latexit>

Jlatent ⇠ LvapMH2O
D

L

✓
U1L

⌫

◆1/2 ⇣ ⌫

↵

⌘1/3
csat(1� rh)

<latexit sha1_base64="Jsg0Hcw1I0ToGERsr+XmWusLEr4="></latexit>

�T ⇠ LvapMH2O
D



⇣ ↵

D

⌘1/3
csat(1� rh) independent of 

<latexit sha1_base64="qZhM8He8BneRzS7vDvpO90xi69k=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48RjAPSJYwO5lNhszOrjO9Qgj5CS8eFPHq73jzb5wkK6hoQUNR1U13V5BIYdB1P5zc0vLK6lp+vbCxubW9U9zda5o41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRlczv3XPtRGxusVxwv2IDpQIBaNopXaj1xUqxHGvWHLL7hzkGzl1vYuqR7xMKUGGeq/43u3HLI24QiapMR3PTdCfUI2CST4tdFPDE8pGdMA7lioaceNP5vdOyZFV+iSMtS2FZK5+n5jQyJhxFNjOiOLQ/PZm4l9eJ8Xw3J8IlaTIFVssClNJMCaz50lfaM5Qji2hTAt7K2FDqilDG1HBhvD1KfmfNE/KXrVcuamUapdZHHk4gEM4Bg/OoAbXUIcGMJDwAE/w7Nw5j86L87pozTnZzD78gPP2CUG2kB0=</latexit>

U1

<latexit sha1_base64="vCrswJbud6iMjS5ogLR4bfspLCs=">AAAB8nicdVBNSwMxEM3Wr1q/qh69BIvgqexKrQoeCl48VrAfsF2WbJq2odlkSWaFsvRnePGgiFd/jTf/jWm7QhV9MPB4b4aZeVEiuAHX/XQKK6tr6xvFzdLW9s7uXnn/oG1UqilrUSWU7kbEMMElawEHwbqJZiSOBOtE45uZ33lg2nAl72GSsCAmQ8kHnBKwkq/DEW6GmSEwDcsVt+rOgZfIuetd1T3s5UoF5WiG5Y9eX9E0ZhKoIMb4nptAkBENnAo2LfVSwxJCx2TIfEsliZkJsvnJU3xilT4eKG1LAp6ryxMZiY2ZxJHtjAmMzG9vJv7l+SkMLoOMyyQFJuli0SAVGBSe/Y/7XDMKYmIJoZrbWzEdEU0o2JRKNoTvT/H/pH1W9erV2l2t0rjO4yiiI3SMTpGHLlAD3aImaiGKFHpEz+jFAefJeXXeFq0FJ585RD/gvH8BU4KRSQ==</latexit>

rhPsat



dry bulb

wet bulb

Measuring relative humidity

psychrometer

Numerical estimate: <latexit sha1_base64="sfqHC44JGJVi2pQQR2j7ummyHiw=">AAAB83icdVBNSwMxEM3Wr1q/qh69BIvgqexKrQoeCl48VrAf0F3KbJptQ7PZkGSFsvRvePGgiFf/jDf/jWm7QhV9MPB4b4aZeaHkTBvX/XQKK6tr6xvFzdLW9s7uXnn/oK2TVBHaIglPVDcETTkTtGWY4bQrFYU45LQTjm9mfueBKs0ScW8mkgYxDAWLGAFjJd8fg5TQz4Cpab9ccavuHHiJnLveVd3DXq5UUI5mv/zhDxKSxlQYwkHrnudKE2SgDCOcTkt+qqkEMoYh7VkqIKY6yOY3T/GJVQY4SpQtYfBcXZ7IINZ6Eoe2MwYz0r+9mfiX10tNdBlkTMjUUEEWi6KUY5PgWQB4wBQlhk8sAaKYvRWTESggxsZUsiF8f4r/J+2zqlev1u5qlcZ1HkcRHaFjdIo8dIEa6BY1UQsRJNEjekYvTuo8Oa/O26K14OQzh+gHnPcvj8eSBw==</latexit>air = 0.03 J.m-1.K-1

measure 
<latexit sha1_base64="J0pGED5k7CZFRB8LnBEmco9sh48=">AAACAXicdVDLSgNBEJyNrxhfq14EL4NB8BR2JUYFDwE9eIySFyRLmJ1MkiGzO8tMrxJCcvFXvHhQxKt/4c2/cZKsEEULGoqqbrq7/EhwDY7zaaUWFpeWV9KrmbX1jc0te3unqmWsKKtQKaSq+0QzwUNWAQ6C1SPFSOALVvP7lxO/dseU5jIswyBiXkC6Ie9wSsBILXuvecUEEFweN295twdEKXk/Vq1ey846OWcKPEdOHPe84GI3UbIoQallfzTbksYBC4EKonXDdSLwhkQBp4KNMs1Ys4jQPumyhqEhCZj2htMPRvjQKG3ckcpUCHiqzk8MSaD1IPBNZ0Cgp397E/EvrxFD58wb8jCKgYV0tqgTCwwST+LAba4YBTEwhFDFza2Y9ogiFExoGRPC96f4f1I9zrmFXP4mny1eJHGk0T46QEfIRaeoiK5RCVUQRWP0iJ7Ri/VgPVmv1tusNWUlM7voB6z3L9fxlyg=</latexit>

�T ) rh

<latexit sha1_base64="Kr/BfXM1IIgwCWCBxrF+XHlFbdA=">AAAB83icdVBNSwMxEM3Wr1q/qh69BIvgqexKrQoeCl48VrAf0F3KbJptQ7PZkGSFsvRvePGgiFf/jDf/jWm7QhV9MPB4b4aZeaHkTBvX/XQKK6tr6xvFzdLW9s7uXnn/oK2TVBHaIglPVDcETTkTtGWY4bQrFYU45LQTjm9mfueBKs0ScW8mkgYxDAWLGAFjJd8HLkfQz4Cpab9ccavuHHiJnLveVd3DXq5UUI5mv/zhDxKSxlQYwkHrnudKE2SgDCOcTkt+qqkEMoYh7VkqIKY6yOY3T/GJVQY4SpQtYfBcXZ7IINZ6Eoe2MwYz0r+9mfiX10tNdBlkTMjUUEEWi6KUY5PgWQB4wBQlhk8sAaKYvRWTESggxsZUsiF8f4r/J+2zqlev1u5qlcZ1HkcRHaFjdIo8dIEa6BY1UQsRJNEjekYvTuo8Oa/O26K14OQzh+gHnPcvhPKSAA==</latexit>↵air = 1.9 10-5 m2/s

<latexit sha1_base64="j7THFZyLsgW9w7/EZs4Y3s7hRzA=">AAACEnicdVA9SwNBEN3z2/gVtbRZDIIWhjuJUcFC0MIyQqKBXDz2NnPJ4u7eubsnhCO/wca/YmOhiK2Vnf/GzYcQRR8MPN6bYWZemHCmjet+OhOTU9Mzs3PzuYXFpeWV/OrapY5TRaFGYx6rekg0cCahZpjhUE8UEBFyuApvTvv+1R0ozWJZNd0EmoK0JYsYJcZKQX7HPwNuCK5iXzMBt3jv4NqnTFFfENNRIjvtbXu7KujsBPmCW3QHwGNk3/WOyh72RkoBjVAJ8h9+K6apAGkoJ1o3PDcxzYwowyiHXs5PNSSE3pA2NCyVRIBuZoOXenjLKi0cxcqWNHigjk9kRGjdFaHt7B+qf3t98S+vkZrosJkxmaQGJB0uilKOTYz7+eAWU0AN71pCqGL2Vkw7RBFqbIo5G8L3p/h/crlX9MrF0kWpcHI8imMObaBNtI08dIBO0DmqoBqi6B49omf04jw4T86r8zZsnXBGM+voB5z3L06lnJ8=</latexit>
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3.3 Bubbles in a champagne bottle
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In th is study, bubble product ion in a glass of champagne was used as a common tool to illust ra te and
bet ter understand the nonclassica l heterogeneous bubble nuclea t ion from pre-exist ing gas cavit ies, refer red
as type IV nuclea t ion in a recent review ar t icle (J ones et a l. Adv. Colloid In terface S ci. 1999, 80, 27-50).
Close-ups of nuclea t ion sites were done dur ing the repet it ive and clockwork CO2 bubble product ion process.
Then , by using the mass t ransfer equa t ions su ited to the case of r ising champagne bubbles, the growth
ra te (dR /dt) of expanding bubbles dur ing ascent was modeled and connected with the physicochemica l
parameters of the liqu id medium and especia lly with the supersa tura t ing ra t io S of the solu t ion . This
theoret ica l growth ra te was found to be in very good accordance with our exper imenta l resu lt s. Severa l
bubble t ra ins of the glass wall were “followed”, dur ing the gas discharging process, un t il bubble product ion
stops through lack of dissolved gas. Evidence for a cr it ica l r ising bubble growth ra te below which bubble
product ion stops a t a given nuclea t ion site enabled us to deduce indirect ly the radius of curva ture of the
meniscus ent rapped in to the par t icle act ing as a nuclea t ion site.

In troduction
Bubble nuclea t ion in liqu ids occurs in many natura l

and indust r ia l processes. In a pure homogeneous liqu id,
bubbles appear when the liquid undergoes a phase change.
Another mechanism for the product ion of bubbles from a
liqu id is gas desorpt ion , the subject of th is paper . Bubble
product ion is a way for the supersa tura ted liqu id medium
to recover a stable thermodynamic sta te, by t ransfer r ing
the excess of dissolved gas molecules in to the vapor phase.
Lubetkin and Blackwell1 defined the supersaturat ing rat io
used to quant ify dissolved gas molecules in excess in a
liqu id medium as

cL and c0 a re respect ively the concent ra t ion of dissolved
gas in the supersa tura ted liqu id medium and the equi-
libr ium concent ra t ion over a fla t sur face. PL and P0 a re
the cor responding equilibr ium pressures in to the vapor
phase, determined by using Henry’s law. As soon as a
liqu id medium is supersa tura ted (S > 0), the bulk free
energy per unit of volume,∆gv, associated with the transfer
of dissolved gas molecules in to the vapor is nega t ive and,
therefore, thermodynamica lly favorable. But the bubble
product ion process a lso resu lt s in the product ion of
in ter facia l free energy. Below a cr it ica l radius, rc ) -2γ/
∆gv, where γ is the sur face tension of the liqu id medium,

the bubble embryo format ion resu lt s in a net increase of
the tota l free energy of the system. Hencefor th , classica l
nuclea t ion is character ized by an energy bar r ier to
overcome. As a resu lt , homogeneous nuclea t ion with in
the liqu id bulk or heterogeneous nuclea t ion on smooth
sur faces requires very high supersa tura t ing ra t ios, in
excess of 100 or even more.2,3
Bubble nuclea t ion may never theless a lso be observed

in weakly supersa tura ted liqu ids, such as carbona ted
beverages.4 At low supersa tura t ing ra t ios, bubbles need
pre-exist ing gas cavit ies with radii of curva ture grea ter
than the cr it ica l radius in order to overcome the nucleat ion
energy bar r ier and grow freely. In a recent review ar t icle,
J ones et a l.5 proposed a classifica t ion for the broad range
of bubble format ion often encountered. Heterogeneous
bubble nuclea t ion from pre-exist ing gas cavit ies with radii
of curva ture grea ter than the cr it ica l radius is refer red to
as type IV nuclea t ion . In the type IV nuclea t ion , dissolved
gas spontaneously diffuses through the meniscus of pre-
exist ing gas cavit ies. Cont ra ry to homogeneous classica l
nuclea t ion , there is no nuclea t ion energy bar r ier to
overcome in the type IV nuclea t ion process.
Effervescence in carbona ted beverages is a fan tast ic

and da ily example for in vivo bubble format ion from pre-
exist ing gas cavit ies. In the case of Champagne wines,
the main gas responsible for effervescence is carbon
dioxide, which is produced during the second fermentat ion
in the closed bot t le. According to Henry’s law, an equi-
libr ium progressively establishes between the dissolved
gas in to the wine and the vapor phase in the headspace
under the cork. At the end of fermenta t ion , the CO2* Corresponding author : tel and fax, 00 (33)3 26 91 33 40; e-mail,

gera rd.liger -bela ir@univ-reims.fr .
† Labora toire d’Œnologie, UPRES EA 2069, URVVC.
‡ Labora toire de Physique des Mat ér iaux Divisés et des In ter -

faces, Universit é de Marne la Vallée.
§ Moët & Chandon, Labora toire de Recherches.
(1) Lubetkin , S. D.; Blackwell, M. J . Colloid In terface S ci. 1988, 126,

610-615.

(2) Wilt , P . M. J . Colloid In terface S ci. 1986, 112, 530-538.
(3) Ryan , W. L.; Hemmingsen , E . A. J . Colloid In terface S ci. 1993,

157, 312-317.
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Source:

<latexit sha1_base64="2Wq6H7u3Ymug4S2v21le5j75B7g=">AAAB9XicdVDLSgNBEOyNrxhfUY9eBoPgKeyGGBU8BHLxZgTzgGSzzE5mkyGzD2ZmlbDsf3jxoIhX/8Wbf+MkWSGKFjQUVd10d7kRZ1KZ5qeRW1ldW9/Ibxa2tnd294r7B20ZxoLQFgl5KLoulpSzgLYUU5x2I0Gx73LacSeNmd+5p0KyMLhT04jaPh4FzGMEKy0NiJM0bpxKOkhYwFKnWDLL5hxoiZyZ1mXNQlamlCBD0yl+9IchiX0aKMKxlD3LjJSdYKEY4TQt9GNJI0wmeER7mgbYp9JO5len6EQrQ+SFQleg0FxdnkiwL+XUd3Wnj9VY/vZm4l9eL1beha0fimJFA7JY5MUcqRDNIkBDJihRfKoJJoLpWxEZY4GJ0kEVdAjfn6L/SbtStmrl6m21VL/K4sjDERzDKVhwDnW4hia0gICAR3iGF+PBeDJejbdFa87IZg7hB4z3L5VIkpI=</latexit>

ciniCO2

Henry’s law:                             at equilibrium
<latexit sha1_base64="GDaywftj3fe9B5AGvdx+5qK7Jsw=">AAAB/nicdVDLSgMxFL1TX7W+RsWVm2ARXJWZUquCQqGb7qxga6EdhkyaaUMzD5KMUIaCv+LGhSJu/Q53/o1pO0IVPXDh5Jx7yb3HizmTyrI+jdzS8srqWn69sLG5tb1j7u61ZZQIQlsk4pHoeFhSzkLaUkxx2okFxYHH6Z03qk/9u3sqJIvCWzWOqRPgQch8RrDSkmseEDetX7vlCbpCDdTMHq5ZtErWDGiBnFr2RdVGdqYUIUPTNT96/YgkAQ0V4VjKrm3FykmxUIxwOin0EkljTEZ4QLuahjig0kln60/QsVb6yI+ErlChmbo4keJAynHg6c4Aq6H87U3Fv7xuovxzJ2VhnCgakvlHfsKRitA0C9RnghLFx5pgIpjeFZEhFpgonVhBh/B9KfqftMslu1qq3FSKtcssjjwcwhGcgA1nUIMGNKEFBFJ4hGd4MR6MJ+PVeJu35oxsZh9+wHj/AttOlCI=</latexit>

cCO2 = HPCO2

constant depending on the system

quickly opened

<latexit sha1_base64="kJOUbmDyUyDm8ZIcfyUc9dPuXxg=">AAACB3icdVDLSsNAFJ3UV62vqEtBBovgqiSlVgUXhW7cWcE+oI1hMp20Q2eSODMRSsjOjb/ixoUibv0Fd/6N0zZCFT0wcDjnXu6c40WMSmVZn0ZuYXFpeSW/Wlhb39jcMrd3WjKMBSZNHLJQdDwkCaMBaSqqGOlEgiDuMdL2RvWJ374jQtIwuFbjiDgcDQLqU4yUllxzv+Em9Uu3nN4kNKBpT1JObmEVahkpnrpm0SpZU8A5cmzZZ1Ub2plSBBkarvnR64c45iRQmCEpu7YVKSdBQlHMSFroxZJECI/QgHQ1DRAn0kmmOVJ4qJU+9EOhX6DgVJ3fSBCXcsw9PcmRGsrf3kT8y+vGyj91dMAoViTAs0N+zKAK4aQU2KeCYMXGmiAsqP4rxEMkEFa6uoIu4Tsp/J+0yiW7WqpcVYq186yOPNgDB+AI2OAE1MAFaIAmwOAePIJn8GI8GE/Gq/E2G80Z2c4u+AHj/Quhppkq</latexit>

P ini
CO2

' 6Patm

<latexit sha1_base64="b/w6l3K82bIY4dWcdaox+iDJXO0=">AAACAXicdVDLSsNAFJ34rPUVdSO4GSyCq5KUWhVcFLpxZwX7gDaEyXTSDp1J4sxEKCFu/BU3LhRx61+482+ctBGq6IELZ865l7n3eBGjUlnWp7GwuLS8slpYK65vbG5tmzu7bRnGApMWDlkouh6ShNGAtBRVjHQjQRD3GOl440bmd+6IkDQMbtQkIg5Hw4D6FCOlJdfch003aVy5lRT2JeXkNnsjxVPXLFllawo4R04s+7xmQztXSiBH0zU/+oMQx5wECjMkZc+2IuUkSCiKGUmL/ViSCOExGpKepgHiRDrJ9IIUHmllAP1Q6AoUnKrzEwniUk64pzs5UiP528vEv7xerPwzJ6FBFCsS4NlHfsygCmEWBxxQQbBiE00QFlTvCvEICYSVDq2oQ/i+FP5P2pWyXStXr6ul+kUeRwEcgENwDGxwCurgEjRBC2BwDx7BM3gxHown49V4m7UuGPnMHvgB4/0LbxmWQg==</latexit>

PCO2 ' Patm

out of equilibrium! 
⇒ bubbles?

<latexit sha1_base64="ax2f6XYus2WELdpEI2FJEfHV/yo="></latexit>

cCO2 = ciniCO2
' 6 cPatm

sat



3.3.1 Bubbles nucleation

<latexit sha1_base64="NPolYNg2TXh+d0DACwkQAibpOEs=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48RjAPSJYwO5kkQ2Znl5leISz5CC8eFPHq93jzb5wkK0TRgoaiqpvuriCWwqDrfjq5ldW19Y38ZmFre2d3r7h/0DRRohlvsEhGuh1Qw6VQvIECJW/HmtMwkLwVjG9mfuuBayMidY+TmPshHSoxEIyilVr1XkoxnPaKJbfszkGWyLnrXVU94mVKCTLUe8WPbj9iScgVMkmN6XhujH5KNQom+bTQTQyPKRvTIe9YqmjIjZ/Oz52SE6v0ySDSthSSubo8kdLQmEkY2M6Q4sj89mbiX14nwcGlnwoVJ8gVWywaJJJgRGa/k77QnKGcWEKZFvZWwkZUU4Y2oYIN4ftT8j9pnpW9arlyVynVrrM48nAEx3AKHlxADW6hDg1gMIZHeIYXJ3aenFfnbdGac7KZQ/gB5/0Ln4uPwg==</latexit>

Patm

<latexit sha1_base64="EhK2bgJDb+YrLDQwaWi4qCX4oQQ=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48JmJMIFnC7KQ3GTP7YGZWCEu+wIsHRbz6Sd78GyfJClG0oKGo6qa7y4sFV9q2P63c0vLK6lp+vbCxubW9U9zdu1NRIhk2WSQi2faoQsFDbGquBbZjiTTwBLa80dXUbz2gVDwKb/U4Rjegg5D7nFFtpMZNr1iyy/YMZIGc2s5F1SFOppQgQ71X/Oj2I5YEGGomqFIdx461m1KpORM4KXQThTFlIzrAjqEhDVC56ezQCTkySp/4kTQVajJTFydSGig1DjzTGVA9VL+9qfiX10m0f+6mPIwTjSGbL/ITQXREpl+TPpfItBgbQpnk5lbChlRSpk02BRPC96fkf3J3Unaq5UqjUqpdZnHk4QAO4RgcOIMaXEMdmsAA4RGe4cW6t56sV+tt3pqzspl9+AHr/QvMz4zv</latexit>

R
<latexit sha1_base64="IGsVJLGIcNTTJ8mSBZO0CJ52vO0=">AAACCnicdVDLSgMxFM34rPVVdekmWgRBqDOlVgULhW7cWcU+oC3DnTRtQ5OZIckIZejajb/ixoUibv0Cd/6N6UOoogcunJxzL7n3eCFnStv2pzU3v7C4tJxYSa6urW9spra2qyqIJKEVEvBA1j1QlDOfVjTTnNZDSUF4nNa8fmnk1+6oVCzwb/UgpC0BXZ91GAFtJDe1V3bj0pWbHRYwxmXXK5g3aDE8yja7IAQc37iptJ2xx8Az5MR2zvMOdqZKGk1RdlMfzXZAIkF9TTgo1XDsULdikJoRTofJZqRoCKQPXdow1AdBVSsenzLEB0Zp404gTfkaj9XZiRiEUgPhmU4Buqd+eyPxL68R6c5ZK2Z+GGnqk8lHnYhjHeBRLrjNJCWaDwwBIpnZFZMeSCDapJc0IXxfiv8n1WzGyWdy17l08WIaRwLton10iBx0ioroEpVRBRF0jx7RM3qxHqwn69V6m7TOWdOZHfQD1vsXiLWY6Q==</latexit>

PCO2 = Pb = Patm + 2�/R

<latexit sha1_base64="92yWvb9StmUg7a0qHrP8oDWmQjA=">AAAB8HicdVBNS8NAEJ3Ur1q/qh69LBbBU0lKrQoeCr14s4L9kDaEzXbTLt1Nwu5GKKG/wosHRbz6c7z5b9y2Earog4HHezPMzPNjzpS27U8rt7K6tr6R3yxsbe/s7hX3D9oqSiShLRLxSHZ9rChnIW1ppjntxpJi4XPa8ceNmd95oFKxKLzTk5i6Ag9DFjCCtZHuiZc2brzKFHnFkl2250BL5Mx2LmsOcjKlBBmaXvGjP4hIImioCcdK9Rw71m6KpWaE02mhnygaYzLGQ9ozNMSCKjedHzxFJ0YZoCCSpkKN5uryRIqFUhPhm06B9Uj99mbiX14v0cGFm7IwTjQNyWJRkHCkIzT7Hg2YpETziSGYSGZuRWSEJSbaZFQwIXx/iv4n7UrZqZWrt9VS/SqLIw9HcAyn4MA51OEamtACAgIe4RleLGk9Wa/W26I1Z2Uzh/AD1vsXDMmP6g==</latexit>cCO2 bubble grows if

<latexit sha1_base64="U1AHhznciFFIQ2H/xTfAqMdTbqQ=">AAACJXicdZDLSgMxFIYz9VbrrerSTbAIrspMqVWhSqEbd1awF2jrkEkzbWjmQnJGKMO8jBtfxY0LiwiufBXTi1JFDwT+fP85JOd3QsEVmOa7kVpaXlldS69nNja3tneyu3sNFUSSsjoNRCBbDlFMcJ/VgYNgrVAy4jmCNZ1hdeI375lUPPBvYRSyrkf6Pnc5JaCRnS1TO65e24XkUgtFILmLa7aTXOCFa0zAS5KOKwmdmt/IzubMvDktvCBOTOu8ZGFrTnJoXjU7O+70Ahp5zAcqiFJtywyhGxMJnAqWZDqRYiGhQ9JnbS194jHVjadbJvhIkx52A6mPD3hKFydi4ik18hzd6REYqN/eBP7ltSNwz7ox98MImE9nD7mRwBDgSWS4xyWjIEZaECq5/iumA6LTAB1sRofwtSn+XzQKeauUL94Uc5XyPI40OkCH6BhZ6BRV0BWqoTqi6AE9oRc0Nh6NZ+PVeJu1poz5zD76UcbHJ3LEpyA=</latexit>

cCO2 > cPb
sat = cPatm

sat

Pb

Patm

Homogeneous nucleation ?

ie: 

<latexit sha1_base64="JxhixbUV/bmcEdIRvjB4Revs27o="></latexit>

P ini
CO2

Patm
cPatm
sat >

✓
1 +

2�

RPatm

◆
cPatm
sat

<latexit sha1_base64="kzNkIrXFoUrIXfEAppZpfusQHyg=">AAACEnicdVDLSgMxFM3Ud31VXboJFkEXlpniE0QEN+6sYh/QGYc7aaYNJjNDkhHKMN/gxl9x40IRt67c+TemtYKKHgicnHMvyTlBwpnStv1uFcbGJyanpmeKs3PzC4ulpeWGilNJaJ3EPJatABTlLKJ1zTSnrURSEAGnzeD6ZOA3b6hULI4udT+hnoBuxEJGQBvJL21eHGE3lECyqtsFISDPan52cuZX86uMRSzfMlfQIs/9Utmu2EPgb2THdg52HeyMlDIaoeaX3txOTFJBI004KNV27ER7GUjNCKd50U0VTYBcQ5e2DY1AUOVlw0g5XjdKB4exNCfSeKh+38hAKNUXgZkUoHvqtzcQ//LaqQ73PZMsSTWNyOdDYcqxjvGgH9xhkhLN+4YAkcz8FZMemIK0abFoSvhKiv8njWrF2a1sn2+Xjw9HdUyjVbSGNpCD9tAxOkU1VEcE3aJ79IierDvrwXq2Xj5HC9ZoZwX9gPX6AW6cnf0=</latexit>

R >
2�

P ini
CO2

� Patm

numerical estimate: <latexit sha1_base64="q/I6vaAG1EwdORm+FMXYWvL8aEc=">AAAB83icdVBNSwMxEJ2tX7V+VT16CRbBU9mVWhU8FLx4rGA/oLuUbJptQ5PsmmSFsvRvePGgiFf/jDf/jWm7goo+GHi8N8PMvDDhTBvX/XAKS8srq2vF9dLG5tb2Tnl3r63jVBHaIjGPVTfEmnImacsww2k3URSLkNNOOL6a+Z17qjSL5a2ZJDQQeChZxAg2VvL9IRYC+5oJetcvV9yqOwf6Rk5d76LuIS9XKpCj2S+/+4OYpIJKQzjWuue5iQkyrAwjnE5LfqppgskYD2nPUokF1UE2v3mKjqwyQFGsbEmD5ur3iQwLrScitJ0Cm5H+7c3Ev7xeaqLzIGMySQ2VZLEoSjkyMZoFgAZMUWL4xBJMFLO3IjLCChNjYyrZEL4+Rf+T9knVq1drN7VK4zKPowgHcAjH4MEZNOAamtACAgk8wBM8O6nz6Lw4r4vWgpPP7MMPOG+fW86R5Q==</latexit>� ' 50 mN/m 0.5 µm
<latexit sha1_base64="sNzuqLJhvEHs+7GFHcdxSGKaTo0=">AAACAHicdVDLSsNAFJ34rPUVdeHCzWARXJVEalVwUXDjshb7gCaEyXTSDp2ZhJmJUkI2/oobF4q49TPc+TdOH0IVPXDhcM693HtPmDCqtON8WguLS8srq4W14vrG5ta2vbPbUnEqMWnimMWyEyJFGBWkqalmpJNIgnjISDscXo399h2RisbiVo8S4nPUFzSiGGkjBfa+16D9gUZSxvewEWScitxTlAd2ySk7E8A5cuq4F1UXujOlBGaoB/aH14txyonQmCGluq6TaD9DUlPMSF70UkUShIeoT7qGCsSJ8rPJAzk8MkoPRrE0JTScqPMTGeJKjXhoOjnSA/XbG4t/ed1UR+d+RkWSaiLwdFGUMqhjOE4D9qgkWLORIQhLam6FeIAkwtpkVjQhfH8K/yetk7JbLVduKqXa5SyOAjgAh+AYuOAM1MA1qIMmwCAHj+AZvFgP1pP1ar1NWxes2cwe+AHr/QtSZZbh</latexit>

) Rmin ⇠

⇒ heterogenous nucleation



and the one tha t just follows, indexed n - 1. Thus, Un ) (hn+1
- hn-1)/2T , where h is the t raveled distance for a bubble from
its nuclea t ion site.

3. Resu lts and Discuss ion
3.1. Close -Ups of Nucleation Site s . Pictures of six

par t icles act ing as nucleat ion sites are presented in Figure
2. Gas pockets en t rapped inside the par t icles clear ly
appear . Cont ra ry to a genera lly accepted idea , nuclea t ion
sites are not loca ted on ir regula r it ies of the glass it self.
The length-sca le of such ir regula r it ies is fa r below the
cr it ica l radius of curvature required for type IVnuclea t ion

a t low supersa tura t ing ra t ios.8 In most cases in our
exper iments, nuclea t ion sites were located on t iny roughly
cylindr ica l hollow elonga ted fibers (of the order of 100
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(9) Lehuédé, P .; Robillard, B.Proceedings of the first in VinoAnalytica

S cien tia S ym posium ; Bordeaux, France, 1997.

Figure 2. Six par t icles act ing as nuclea t ion sites in a glass poured with champagne. Gas pockets en t rapped inside the par t icles
clear ly appear .

1296 Langmuir, Vol. 18, No. 4, 2002 Liger-Belair et al.

D
ow

nl
oa

de
d 

by
 M

IT
 o

n 
A

ug
us

t 3
1,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

): 
Ja

nu
ar

y 
16

, 2
00

2 
| d

oi
: 1

0.
10

21
/la

01
15

98
7

and the one tha t just follows, indexed n - 1. Thus, Un ) (hn+1
- hn-1)/2T , where h is the t raveled distance for a bubble from
its nuclea t ion site.

3. Resu lts and Discuss ion
3.1. Close -Ups of Nucleation Site s . Pictures of six

par t icles act ing as nucleat ion sites are presented in Figure
2. Gas pockets en t rapped inside the par t icles clear ly
appear . Cont ra ry to a genera lly accepted idea , nuclea t ion
sites are not loca ted on ir regula r it ies of the glass it self.
The length-sca le of such ir regula r it ies is fa r below the
cr it ica l radius of curvature required for type IVnuclea t ion

a t low supersa tura t ing ra t ios.8 In most cases in our
exper iments, nuclea t ion sites were located on t iny roughly
cylindr ica l hollow elonga ted fibers (of the order of 100
µm), with a cavity mouth of a few micrometers. Such
character ist ics suggest cellu lose fibers.9
3.2. Cycle of Bubble P roduction from Nucleation

Site s . A schemat ic represen ta t ion of the pre-exist ing gas
cavity a t tached to a t iny par t icle plunged in to a super -

(8) Carr , M. W.; Hillman, A. R.; Lubetkin , S. D. J . Colloid In terface
S ci. 1995, 169, 135-142.
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Heterogenous nucleation

sa tura ted carbon dioxide solu t ion is presen ted in Figure
3. CO2 concent ra t ions in the close vicin ity of the gas/liquid
meniscus are a lso deta iled. The difference in dissolved
CO2 concent ra t ions ∆c between the liqu id bulk and the
bubble sur face is the dr iving force responsible for the
diffusion of CO2 molecules through the meniscus of the
gas pocket en t rapped in to the par t icle. Such a t ransfer
st ill opera tes if∆c> 0, i.e., cL > cB, which means by using
Henry’s law, and the excess of pressure in to the gas pocket
due to it s radius of curva ture r, cL > H (P0 + 2γ/r), i.e., cL
> c0 + c0/P0(2γ/r). Such a condit ion exist s, as long as the
radius of curva ture r of the meniscus exceeds the cr it ica l
radius of curva ture defined as follows:

Assuming the vapor pressure of the liqu id medium as
negligible, it can be noted tha t th is cr it ica l radius is
ident ica l to tha t used in the classica l theory of homoge-
neous nuclea t ion . By use of known values of the cham-
pagne sur face tension , and of it s supersa tura t ing ra t io,
a cr it ica l radius of 0.2 µm was found at the opening of a
bot t le.
Assuming a bubble embryo with a radius of curva ture

grea ter than the cr it ica l radius defined above, CO2
molecules diffuse through the meniscus. A bubble forms
and grows anchored to it s nuclea t ion site. When buoyancy
overcomes the capilla ry force anchor ing the bubble to the
cavity, it detaches and r ises toward the liqu id sur face,
thereby providing an opportunity for a new bubble to form,
grow, and detach at the same size, and so on. Bubble t ra ins
in carbona ted beverages in genera l and in champagne in
par t icu la r a re therefore the resu lt of th is cycle of bubble
product ion , as schemat ized in Figure 4. With the help of
the st roboscope, th is clockwork repet it ive bubble produc-
t ion has a lready been established.6,7

Due to bubbling and diffusion through the fla t free
surface of champagne, CO2molecules progressively escape
from the liqu id medium. As a resu lt , the supersa tura t ing
ra t io S (t) decreases while degassing. Consequent ly, the
cr it ica l radius defined in eq 2 increases. Bubble product ion
cont inues, a t a given nuclea t ion site, as long as the
supersa tura t ing ra t io S exceeds a cr it ica l ra t io defined
from eq 2 as follows:

Figure 4. Schemat ic represen ta t ion of the cycle of bubble
product ion . FB is the buoyancy and FC is the capilla ry force
anchor ing the bubble to the cavity.

Figure 3. Concent ra t ions of dissolved CO2 in the close vicin ity of a t iny gas pocket en t rapped inside a par t icle stuck on the glass
wall. " is the angle of the contact line between the solid subst ra te and the vapor phase.

r > 2γ/P0S ) r* (2)
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100 µm
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growth

⇠

1,6.1026 molecules/m3 2,7.1025 molecules/m3 1,4.10-9 m2/s

20 µm 10 ms <latexit sha1_base64="aKnw5fB7QN6sSjDO/Xc7OfQp0lg=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5KIVgUXBTcuK9gHNCFMptN26MwkzEOsoV/ixoUibv0Ud/6N0zZCFT1w4XDOvdx7T5wyqrTnfTqFpeWV1bXiemljc2u77O7stlRiJCZNnLBEdmKkCKOCNDXVjHRSSRCPGWnHo6up374jUtFE3OpxSkKOBoL2KUbaSpFbDjQyUUbu00mgKIeRW/Gq3gxwgZx6/kXNh36uVECORuR+BL0EG06Exgwp1fW9VIcZkppiRialwCiSIjxCA9K1VCBOVJjNDp/AQ6v0YD+RtoSGM3VxIkNcqTGPbSdHeqh+e1PxL69rdP88zKhIjSYCzxf1DYM6gdMUYI9KgjUbW4KwpPZWiIdIIqxtViUbwven8H/SOq76terJzUmlfpnHUQT74AAcAR+cgTq4Bg3QBBgY8AiewYvz4Dw5r87bvLXg5DN74Aec9y8o65Np</latexit>⌧
exp

⇠ 40 msa bit overestimated:



3.3.2 Rising velocity

<latexit sha1_base64="zuLWrlvE2LkhMyPt+IhRTm0rRgI=">AAAB6XicdVBNS8NAEJ3Ur1q/oh69LBbBU0mkVgXBghePVUxbaEPZbDft0s0m7G6EEvoPvHhQxKv/yJv/xm0boYo+GHi8N8PMvCDhTGnH+bQKS8srq2vF9dLG5tb2jr2711RxKgn1SMxj2Q6wopwJ6mmmOW0nkuIo4LQVjK6nfuuBSsVica/HCfUjPBAsZARrI915Vz277FScGdACOXXci5qL3FwpQ45Gz/7o9mOSRlRowrFSHddJtJ9hqRnhdFLqpoommIzwgHYMFTiiys9ml07QkVH6KIylKaHRTF2cyHCk1DgKTGeE9VD99qbiX14n1eG5nzGRpJoKMl8UphzpGE3fRn0mKdF8bAgmkplbERliiYk24ZRMCN+fov9J86Ti1irV22q5fpnHUYQDOIRjcOEM6nADDfCAQAiP8Awv1sh6sl6tt3lrwcpn9uEHrPcvVh+NOw==</latexit>

U?



3.3.2 Rising velocity

Therefore, a given nuclea t ion site with its own geometry
(r is fixed) is character ized by it s own cr it ica l supersa tu-
ra t ing ra t io S * below which it becomes inact ive. In a glass
of champagne, a range of part icle shapes and sizes probably
exist s, resu lt ing in a range of meniscus radii en t rapped
inside these par t icles. While the champagne degases, the
cr it ica l supersa tura ted ra t io S * associa ted with each
nuclea t ion site becomes progressively h igher than the
supersa tura t ing ra t io, S (t), which cont inuously decreases
with t ime. Nuclea t ion sites become in turn inact ive, and
cor responding bubble t ra ins inexorably ext inguish in
increasing order of the radius of curva ture of the bubble
embryo ent rapped inside par t icles act ing as nuclea t ion
sites.
3.3. Ris ing Ve loc ity of Champagne Bubble s . After

their detachment from nuclea t ion sites, bubbles r ise
toward the liqu id sur face. When r ising through the
supersa tura ted liqu id, bubbles cont inue to expand by
diffusion of CO2 molecules in to the vapor phase through
the bubble in ter face. It obviously st ill concerns a type IV
nuclea t ion process. As illust ra ted in Figure 1, bubbles
expand and accelera te dur ing ascent .
In Figure 5, the bubble r ise velocity U was plot ted as

a funct ion of it s radius R . Close examina t ion of 30 bubble
tra ins enabled us to cover a range of bubble radius between
approximately 40 and 480 µm, resu lt ing in in termedia te
Reynolds numbers (Re) 2FRU /η) varying from 0.2 to 90.
Fur thermore, since champagne bubbles progressively
expand and accelera te dur ing ascent , the Peclet number
(Pe ) 2RU /D), which compares convect ion and diffusion
associated with mass transfer phenomenon, also progres-
sively increases. The diffusion coefficien t D of CO2
molecules through the liqu id may be approximated by
using the Stokes-Einstein equa t ion (D ≈ kBθ/6πηa). kB
is the Boltzmann constan t , θ is the tempera ture, and a
is the order of magnitude of CO2 molecules hydrodynamic
radii (≈10-10 m). Pe var ies from approximately 102
immedia tely after the bubble release to more than 105
near the liqu id sur face. In terms of power law, Figure 5
suggests a quadra t ic dependence of the bubble velocity
with it s radius, as was a lso found by Maxwor thy et a l.10
in a liqu id of small viscosity and unt il bubbles are sligh t ly
deformed. Therefore, to a quite good approximation, bubble
ascent close to the glass wall can be modeled by a
modifica t ion of the numer ica l prefactor in Stokes law as
follows:

More deta ils about the close examina t ion of the r ising
velocity of champagne bubbles can be found in Liger-Belair
et a l.7
3.4. Ris ing Bubble Grow th Rate s . Two typica l t ime

dependencies of bubble radii dur ing ascent a re presen ted
in Figure 6 (a t unspecified supersa tura t ing ra t ios). It
clear ly appears tha t the bubble radius increases a t a
constan t ra te k ) dR /dt, when r ising through the liqu id.
A constan t bubble growth ra te was a lso obta ined for the
other bubble t ra ins considered. Thus

where R 0 is the bubble radius as it detaches from the

nuclea t ion site. As regards detachment radii R 0 in
champagne, exper imenta l va lues st ra igh t below 100 µm
were found.6
Our exper iments on bubble growth ra tes, k , dur ing

ascent led to va lues ranging from approximately 350-
400 µm/s 3 min after pour ing the champagne in to the
flute to values around 150 µm/s after 1 h of gas discharging.
Shafer and Zare11 demonstrated also the linear ity of radius
increase with t ime for bubbles r ising in a glass of beer .
For bubbles in beer , they never theless found a much lower
growth ra te of 40 ( 10 µm/s (a t an unspecified super -
sa tura t ing ra t io).
As regards the linear ity of bubble radius increase with

t ime, an explana t ion based upon the t ransfer of CO2
molecules from the liqu id bulk, su ited to the case of r ising
bubbles, is given above.
The genera l equa t ion concern ing the mass t ransfer of

molecules from the bulk of a supersa tura ted liqu id to a
bubble sur face with t ime is

(10) Maxwor thy, T.; Gnann, C.; Kü r ten , M.; Durst , F . J . Flu id Mech .
1996, 321, 421-441. (11) Shafer , W. L.; Zare, E . A. Phys. Today 1991, 44, 48-52.

Figure 5. Velocity of ascending champagne bubbles U(R ) (O),
compared with the Stokes velocity (s). Re and Pe are respec-
t ively the Reynolds and Peclet numbers associa ted with a r ising
bubble.

Figure 6. Bubble radius increase vs t ime for a bubble r ising
toward the liquid surface. Two typica l bubble t ra ins a t different
steps of gas discharging are considered.

S > 2γ/P0r ) S * (3)

U(R ) ) 2RFg
9η R 2 (with R ≈ 0.6-0.8) (4)

R (t) ) R 0 + k t (5)
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3.3.2 Rising velocity
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ra t ing ra t io S * below which it becomes inact ive. In a glass
of champagne, a range of part icle shapes and sizes probably
exist s, resu lt ing in a range of meniscus radii en t rapped
inside these par t icles. While the champagne degases, the
cr it ica l supersa tura ted ra t io S * associa ted with each
nuclea t ion site becomes progressively h igher than the
supersa tura t ing ra t io, S (t), which cont inuously decreases
with t ime. Nuclea t ion sites become in turn inact ive, and
cor responding bubble t ra ins inexorably ext inguish in
increasing order of the radius of curva ture of the bubble
embryo ent rapped inside par t icles act ing as nuclea t ion
sites.
3.3. Ris ing Ve loc ity of Champagne Bubble s . After

their detachment from nuclea t ion sites, bubbles r ise
toward the liqu id sur face. When r ising through the
supersa tura ted liqu id, bubbles cont inue to expand by
diffusion of CO2 molecules in to the vapor phase through
the bubble in ter face. It obviously st ill concerns a type IV
nuclea t ion process. As illust ra ted in Figure 1, bubbles
expand and accelera te dur ing ascent .
In Figure 5, the bubble r ise velocity U was plot ted as

a funct ion of it s radius R . Close examina t ion of 30 bubble
tra ins enabled us to cover a range of bubble radius between
approximately 40 and 480 µm, resu lt ing in in termedia te
Reynolds numbers (Re) 2FRU /η) varying from 0.2 to 90.
Fur thermore, since champagne bubbles progressively
expand and accelera te dur ing ascent , the Peclet number
(Pe ) 2RU /D), which compares convect ion and diffusion
associated with mass transfer phenomenon, also progres-
sively increases. The diffusion coefficien t D of CO2
molecules through the liqu id may be approximated by
using the Stokes-Einstein equa t ion (D ≈ kBθ/6πηa). kB
is the Boltzmann constan t , θ is the tempera ture, and a
is the order of magnitude of CO2 molecules hydrodynamic
radii (≈10-10 m). Pe var ies from approximately 102
immedia tely after the bubble release to more than 105
near the liqu id sur face. In terms of power law, Figure 5
suggests a quadra t ic dependence of the bubble velocity
with it s radius, as was a lso found by Maxwor thy et a l.10
in a liqu id of small viscosity and unt il bubbles are sligh t ly
deformed. Therefore, to a quite good approximation, bubble
ascent close to the glass wall can be modeled by a
modifica t ion of the numer ica l prefactor in Stokes law as
follows:

More deta ils about the close examina t ion of the r ising
velocity of champagne bubbles can be found in Liger-Belair
et a l.7
3.4. Ris ing Bubble Grow th Rate s . Two typica l t ime

dependencies of bubble radii dur ing ascent a re presen ted
in Figure 6 (a t unspecified supersa tura t ing ra t ios). It
clear ly appears tha t the bubble radius increases a t a
constan t ra te k ) dR /dt, when r ising through the liqu id.
A constan t bubble growth ra te was a lso obta ined for the
other bubble t ra ins considered. Thus

where R 0 is the bubble radius as it detaches from the

nuclea t ion site. As regards detachment radii R 0 in
champagne, exper imenta l va lues st ra igh t below 100 µm
were found.6
Our exper iments on bubble growth ra tes, k , dur ing

ascent led to va lues ranging from approximately 350-
400 µm/s 3 min after pour ing the champagne in to the
flute to values around 150 µm/s after 1 h of gas discharging.
Shafer and Zare11 demonstrated also the linear ity of radius
increase with t ime for bubbles r ising in a glass of beer .
For bubbles in beer , they never theless found a much lower
growth ra te of 40 ( 10 µm/s (a t an unspecified super -
sa tura t ing ra t io).
As regards the linear ity of bubble radius increase with

t ime, an explana t ion based upon the t ransfer of CO2
molecules from the liqu id bulk, su ited to the case of r ising
bubbles, is given above.
The genera l equa t ion concern ing the mass t ransfer of

molecules from the bulk of a supersa tura ted liqu id to a
bubble sur face with t ime is

(10) Maxwor thy, T.; Gnann, C.; Kü r ten , M.; Durst , F . J . Flu id Mech .
1996, 321, 421-441. (11) Shafer , W. L.; Zare, E . A. Phys. Today 1991, 44, 48-52.

Figure 5. Velocity of ascending champagne bubbles U(R ) (O),
compared with the Stokes velocity (s). Re and Pe are respec-
t ively the Reynolds and Peclet numbers associa ted with a r ising
bubble.

Figure 6. Bubble radius increase vs t ime for a bubble r ising
toward the liquid surface. Two typica l bubble t ra ins a t different
steps of gas discharging are considered.

S > 2γ/P0r ) S * (3)

U(R ) ) 2RFg
9η R 2 (with R ≈ 0.6-0.8) (4)

R (t) ) R 0 + k t (5)
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Limit low Reynolds number (~OK at the beginning)
<latexit sha1_base64="T0vOnMP4WG48OSVXmpHs956yho0="></latexit>

4

3
R3�⇢g = 6⇡⌘RU

<latexit sha1_base64="Kzsrfb1NNqHZDcRzNOr3USkM4vo=">AAACDHicdVDLSgMxFM3UV62vqks3wSK4KjOlVgUXBTcuqzhtoTOWTJppQ5PJmGSEMswHuPFX3LhQxK0f4M6/MX0IVfRA4HDOudzcE8SMKm3bn1ZuYXFpeSW/Wlhb39jcKm7vNJVIJCYuFkzIdoAUYTQirqaakXYsCeIBI61geD72W3dEKiqiaz2Kic9RP6IhxUgbqVssQddTlEMvlAinnhyIbsrobdaHVzeVLPWIRplJ2WV7AjhHjmzntOZAZ6aUwAyNbvHD6wmccBJpzJBSHceOtZ8iqSlmJCt4iSIxwkPUJx1DI8SJ8tPJMRk8MEoPhkKaF2k4UecnUsSVGvHAJDnSA/XbG4t/eZ1Ehyd+SqM40STC00VhwqAWcNwM7FFJsGYjQxCW1PwV4gEytWjTX8GU8H0p/J80K2WnVq5eVkv1s1kdebAH9sEhcMAxqIML0AAuwOAePIJn8GI9WE/Wq/U2jeas2cwu+AHr/QvdLJuF</latexit>

U ⇠ ⇢liqgR2

⌘



3.3.3 Bubble growth

<latexit sha1_base64="zuLWrlvE2LkhMyPt+IhRTm0rRgI=">AAAB6XicdVBNS8NAEJ3Ur1q/oh69LBbBU0mkVgXBghePVUxbaEPZbDft0s0m7G6EEvoPvHhQxKv/yJv/xm0boYo+GHi8N8PMvCDhTGnH+bQKS8srq2vF9dLG5tb2jr2711RxKgn1SMxj2Q6wopwJ6mmmOW0nkuIo4LQVjK6nfuuBSsVica/HCfUjPBAsZARrI915Vz277FScGdACOXXci5qL3FwpQ45Gz/7o9mOSRlRowrFSHddJtJ9hqRnhdFLqpoommIzwgHYMFTiiys9ml07QkVH6KIylKaHRTF2cyHCk1DgKTGeE9VD99qbiX14n1eG5nzGRpJoKMl8UphzpGE3fRn0mKdF8bAgmkplbERliiYk24ZRMCN+fov9J86Ti1irV22q5fpnHUYQDOIRjcOEM6nADDfCAQAiP8Awv1sh6sl6tt3lrwcpn9uEHrPcvVh+NOw==</latexit>

U?

<latexit sha1_base64="brbOXpMRBtBmiQ4O1Ko6EziYh6I=">AAAB+HicdVDLSgNBEOyNrxgfWfXoZTAInsJuiFHBQyAXb0YwD0jWZXYySYbMPpiZFeKyX+LFgyJe/RRv/o2TZIUoWtBQVHXT3eVFnEllWZ9GbmV1bX0jv1nY2t7ZLZp7+20ZxoLQFgl5KLoelpSzgLYUU5x2I0Gx73Ha8SaNmd+5p0KyMLhV04g6Ph4FbMgIVlpyzSIibtK4divpXcIClrpmySpbc6AlcmrZFzUb2ZlSggxN1/zoD0IS+zRQhGMpe7YVKSfBQjHCaVrox5JGmEzwiPY0DbBPpZPMD0/RsVYGaBgKXYFCc3V5IsG+lFPf050+VmP525uJf3m9WA3PHf1QFCsakMWiYcyRCtEsBTRgghLFp5pgIpi+FZExFpgonVVBh/D9KfqftCtlu1au3lRL9cssjjwcwhGcgA1nUIcraEILCMTwCM/wYjwYT8ar8bZozRnZzAH8gPH+BWRKku0=</latexit>

ciniCO2

<latexit sha1_base64="oROFzz0tzyOL8bvvxYYUBswhx4M=">AAAB+3icdVBNS8NAEN3Ur1q/Yj16WSyCp5JIrQoeCl48VrC10Maw2W7bpZtN2J2IJeSvePGgiFf/iDf/jds2QhV9MPB4b4aZeUEsuAbH+bQKS8srq2vF9dLG5tb2jr1bbusoUZS1aCQi1QmIZoJL1gIOgnVixUgYCHYbjC+n/u09U5pH8gYmMfNCMpR8wCkBI/l2GVM/1QSyu7TppwTCLPPtilN1ZsAL5MRxz+sudnOlgnI0ffuj149oEjIJVBCtu64Tg5cSBZwKlpV6iWYxoWMyZF1DJQmZ9tLZ7Rk+NEofDyJlSgKeqYsTKQm1noSB6QwJjPRvbyr+5XUTGJx5KZdxAkzS+aJBIjBEeBoE7nPFKIiJIYQqbm7FdEQUoWDiKpkQvj/F/5P2cdWtV2vXtUrjIo+jiPbRATpCLjpFDXSFmqiFKHpAj+gZvViZ9WS9Wm/z1oKVz+yhH7DevwCnrZTZ</latexit>

cPatm
sat

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

�c

Mass transfer coefficient?

Flow low Re ≠ boundary layer over a plate

in article:
<latexit sha1_base64="ubRHMsC2bBWnfkm+dEtfYHaJlbk="></latexit>

Sh ⇠ Pe1/3 =

✓
UR

D

◆1/3

=

✓
UR

⌫

◆1/3 ⇣ ⌫

D

⌘1/3

<latexit sha1_base64="Jk4xhT7kXLmt4MKoE7HTPkFpvOM=">AAACHHicdZBNS8NAEIY3ftb6FfXoZbEInmpia1XwUPDisVr7AU0tm+22XbqbhN2NUEJ+iBf/ihcPinjxIPhv3LSpVNGBhXefmWFmXjdgVCrL+jTm5hcWl5YzK9nVtfWNTXNruy79UGBSwz7zRdNFkjDqkZqiipFmIAjiLiMNd3iR5Bt3REjqezdqFJA2R32P9ihGSqOOWXA4UgPBo+ogdiTlcPq/JvFtZB8W4m9SxSnpmDkrb40Dzohjyz4r2dBOSQ6kUemY707XxyEnnsIMSdmyrUC1IyQUxYzEWSeUJEB4iPqkpaWHOJHtaHxcDPc16cKeL/TzFBzT2Y4IcSlH3NWVyaLydy6Bf+VaoeqdtiPqBaEiHp4M6oUMKh8mTsEuFQQrNtICYUH1rhAPkEBYaT+z2oTppfB/UT/K26V88aqYK5+ndmTALtgDB8AGJ6AMLkEF1AAG9+ARPIMX48F4Ml6Nt0npnJH27IAfYXx8AYCaojg=</latexit>

Sh ⇠ Re1/3Sc1/3

for heat exchange, this would be:
<latexit sha1_base64="uKYXMog3OFgSUqmKWwy5Ghb92eY=">AAACHHicdZBNS8NAEIY39avWr6hHL4tF8FQTW6uCh4IXT1LFfkBTy2a7bZfuJmF3I5SQH+LFv+LFgyJePAj+GzdtKlV0YOHdZ2aYmdcNGJXKsj6NzNz8wuJSdjm3srq2vmFubtWlHwpMathnvmi6SBJGPVJTVDHSDARB3GWk4Q7Pk3zjjghJfe9GjQLS5qjv0R7FSGnUMYsOR2ogeHQZxo6kHE7/1yS+jeyDYvxNqiIlHTNvFaxxwBlxZNmnZRvaKcmDNKod893p+jjkxFOYISlbthWodoSEopiROOeEkgQID1GftLT0ECeyHY2Pi+GeJl3Y84V+noJjOtsRIS7liLu6MllU/s4l8K9cK1S9k3ZEvSBUxMOTQb2QQeXDxCnYpYJgxUZaICyo3hXiARIIK+1nTpswvRT+L+qHBbtcKF2V8pWz1I4s2AG7YB/Y4BhUwAWoghrA4B48gmfwYjwYT8ar8TYpzRhpzzb4EcbHF6B+okw=</latexit>

Nu ⇠ Re1/3Pr1/3

Can we justify this form?



<latexit sha1_base64="EhK2bgJDb+YrLDQwaWi4qCX4oQQ=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKjAoeAl48JmJMIFnC7KQ3GTP7YGZWCEu+wIsHRbz6Sd78GyfJClG0oKGo6qa7y4sFV9q2P63c0vLK6lp+vbCxubW9U9zdu1NRIhk2WSQi2faoQsFDbGquBbZjiTTwBLa80dXUbz2gVDwKb/U4Rjegg5D7nFFtpMZNr1iyy/YMZIGc2s5F1SFOppQgQ71X/Oj2I5YEGGomqFIdx461m1KpORM4KXQThTFlIzrAjqEhDVC56ezQCTkySp/4kTQVajJTFydSGig1DjzTGVA9VL+9qfiX10m0f+6mPIwTjSGbL/ITQXREpl+TPpfItBgbQpnk5lbChlRSpk02BRPC96fkf3J3Unaq5UqjUqpdZnHk4QAO4RgcOIMaXEMdmsAA4RGe4cW6t56sV+tt3pqzspl9+AHr/QvMz4zv</latexit>
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3.3.3 Coupling rising dynamics and mass transport
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Therefore, a given nuclea t ion site with its own geometry
(r is fixed) is character ized by it s own cr it ica l supersa tu-
ra t ing ra t io S * below which it becomes inact ive. In a glass
of champagne, a range of part icle shapes and sizes probably
exist s, resu lt ing in a range of meniscus radii en t rapped
inside these par t icles. While the champagne degases, the
cr it ica l supersa tura ted ra t io S * associa ted with each
nuclea t ion site becomes progressively h igher than the
supersa tura t ing ra t io, S (t), which cont inuously decreases
with t ime. Nuclea t ion sites become in turn inact ive, and
cor responding bubble t ra ins inexorably ext inguish in
increasing order of the radius of curva ture of the bubble
embryo ent rapped inside par t icles act ing as nuclea t ion
sites.
3.3. Ris ing Ve loc ity of Champagne Bubble s . After

their detachment from nuclea t ion sites, bubbles r ise
toward the liqu id sur face. When r ising through the
supersa tura ted liqu id, bubbles cont inue to expand by
diffusion of CO2 molecules in to the vapor phase through
the bubble in ter face. It obviously st ill concerns a type IV
nuclea t ion process. As illust ra ted in Figure 1, bubbles
expand and accelera te dur ing ascent .
In Figure 5, the bubble r ise velocity U was plot ted as

a funct ion of it s radius R . Close examina t ion of 30 bubble
tra ins enabled us to cover a range of bubble radius between
approximately 40 and 480 µm, resu lt ing in in termedia te
Reynolds numbers (Re) 2FRU /η) varying from 0.2 to 90.
Fur thermore, since champagne bubbles progressively
expand and accelera te dur ing ascent , the Peclet number
(Pe ) 2RU /D), which compares convect ion and diffusion
associated with mass transfer phenomenon, also progres-
sively increases. The diffusion coefficien t D of CO2
molecules through the liqu id may be approximated by
using the Stokes-Einstein equa t ion (D ≈ kBθ/6πηa). kB
is the Boltzmann constan t , θ is the tempera ture, and a
is the order of magnitude of CO2 molecules hydrodynamic
radii (≈10-10 m). Pe var ies from approximately 102
immedia tely after the bubble release to more than 105
near the liqu id sur face. In terms of power law, Figure 5
suggests a quadra t ic dependence of the bubble velocity
with it s radius, as was a lso found by Maxwor thy et a l.10
in a liqu id of small viscosity and unt il bubbles are sligh t ly
deformed. Therefore, to a quite good approximation, bubble
ascent close to the glass wall can be modeled by a
modifica t ion of the numer ica l prefactor in Stokes law as
follows:

More deta ils about the close examina t ion of the r ising
velocity of champagne bubbles can be found in Liger-Belair
et a l.7
3.4. Ris ing Bubble Grow th Rate s . Two typica l t ime

dependencies of bubble radii dur ing ascent a re presen ted
in Figure 6 (a t unspecified supersa tura t ing ra t ios). It
clear ly appears tha t the bubble radius increases a t a
constan t ra te k ) dR /dt, when r ising through the liqu id.
A constan t bubble growth ra te was a lso obta ined for the
other bubble t ra ins considered. Thus

where R 0 is the bubble radius as it detaches from the

nuclea t ion site. As regards detachment radii R 0 in
champagne, exper imenta l va lues st ra igh t below 100 µm
were found.6
Our exper iments on bubble growth ra tes, k , dur ing

ascent led to va lues ranging from approximately 350-
400 µm/s 3 min after pour ing the champagne in to the
flute to values around 150 µm/s after 1 h of gas discharging.
Shafer and Zare11 demonstrated also the linear ity of radius
increase with t ime for bubbles r ising in a glass of beer .
For bubbles in beer , they never theless found a much lower
growth ra te of 40 ( 10 µm/s (a t an unspecified super -
sa tura t ing ra t io).
As regards the linear ity of bubble radius increase with

t ime, an explana t ion based upon the t ransfer of CO2
molecules from the liqu id bulk, su ited to the case of r ising
bubbles, is given above.
The genera l equa t ion concern ing the mass t ransfer of

molecules from the bulk of a supersa tura ted liqu id to a
bubble sur face with t ime is

(10) Maxwor thy, T.; Gnann, C.; Kü r ten , M.; Durst , F . J . Flu id Mech .
1996, 321, 421-441. (11) Shafer , W. L.; Zare, E . A. Phys. Today 1991, 44, 48-52.

Figure 5. Velocity of ascending champagne bubbles U(R ) (O),
compared with the Stokes velocity (s). Re and Pe are respec-
t ively the Reynolds and Peclet numbers associa ted with a r ising
bubble.

Figure 6. Bubble radius increase vs t ime for a bubble r ising
toward the liquid surface. Two typica l bubble t ra ins a t different
steps of gas discharging are considered.

S > 2γ/P0r ) S * (3)

U(R ) ) 2RFg
9η R 2 (with R ≈ 0.6-0.8) (4)

R (t) ) R 0 + k t (5)
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