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Brine Drainage from Sea Ice



<latexit sha1_base64="SkU/sQUIo4a/uaKlzZ0fQg7darQ="></latexit>
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Optimal conversion of potential energy into kinetic energy (convection) if

Fundamentals of Convection in Mushy Layers
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<latexit sha1_base64="A2j5HED6bBr2WO8fz/usAn1QGsc=">AAACA3icdVDLSgMxFM3UV62vqjvdBIvgqiSl2HZXcOOygn1Ap5Y7adqGZh4kGaEMBTf+ihsXirj1J9z5N2baCip6IHA451xu7vEiKbQh5MPJrKyurW9kN3Nb2zu7e/n9g5YOY8V4k4UyVB0PNJci4E0jjOSdSHHwPcnb3uQi9du3XGkRBtdmGvGeD6NADAUDY6V+/sg1EGNXCx8ng5uSG9qwO4Eoglk/XyBFQgilFKeEVs6JJb VatUSrmKaWRQEt0ejn391ByGKfB4ZJ0LpLSWR6CSgjmOSznBtrHgGbwIh3LQ3A57qXzG+Y4VOrDPAwVPYFBs/V7xMJ+FpPfc8mfTBj/dtLxb+8bmyG1V4igig2PGCLRcNYYhPitBA8EIozI6eWAFPC/hWzMShgxtaWsyV8XYr/J61SkZIivSoX6uVlHVl0jE7QGaKoguroEjVQEzF0hx7QE3p27p1H58V5XUQzznLmEP2A8/YJJDmXzw==</latexit><latexit sha1_base64="A2j5HED6bBr2WO8fz/usAn1QGsc=">AAACA3icdVDLSgMxFM3UV62vqjvdBIvgqiSl2HZXcOOygn1Ap5Y7adqGZh4kGaEMBTf+ihsXirj1J9z5N2baCip6IHA451xu7vEiKbQh5MPJrKyurW9kN3Nb2zu7e/n9g5YOY8V4k4UyVB0PNJci4E0jjOSdSHHwPcnb3uQi9du3XGkRBtdmGvGeD6NADAUDY6V+/sg1EGNXCx8ng5uSG9qwO4Eoglk/XyBFQgilFKeEVs6JJb VatUSrmKaWRQEt0ejn391ByGKfB4ZJ0LpLSWR6CSgjmOSznBtrHgGbwIh3LQ3A57qXzG+Y4VOrDPAwVPYFBs/V7xMJ+FpPfc8mfTBj/dtLxb+8bmyG1V4igig2PGCLRcNYYhPitBA8EIozI6eWAFPC/hWzMShgxtaWsyV8XYr/J61SkZIivSoX6uVlHVl0jE7QGaKoguroEjVQEzF0hx7QE3p27p1H58V5XUQzznLmEP2A8/YJJDmXzw==</latexit><latexit sha1_base64="A2j5HED6bBr2WO8fz/usAn1QGsc=">AAACA3icdVDLSgMxFM3UV62vqjvdBIvgqiSl2HZXcOOygn1Ap5Y7adqGZh4kGaEMBTf+ihsXirj1J9z5N2baCip6IHA451xu7vEiKbQh5MPJrKyurW9kN3Nb2zu7e/n9g5YOY8V4k4UyVB0PNJci4E0jjOSdSHHwPcnb3uQi9du3XGkRBtdmGvGeD6NADAUDY6V+/sg1EGNXCx8ng5uSG9qwO4Eoglk/XyBFQgilFKeEVs6JJb VatUSrmKaWRQEt0ejn391ByGKfB4ZJ0LpLSWR6CSgjmOSznBtrHgGbwIh3LQ3A57qXzG+Y4VOrDPAwVPYFBs/V7xMJ+FpPfc8mfTBj/dtLxb+8bmyG1V4igig2PGCLRcNYYhPitBA8EIozI6eWAFPC/hWzMShgxtaWsyV8XYr/J61SkZIivSoX6uVlHVl0jE7QGaKoguroEjVQEzF0hx7QE3p27p1H58V5XUQzznLmEP2A8/YJJDmXzw==</latexit><latexit sha1_base64="A2j5HED6bBr2WO8fz/usAn1QGsc=">AAACA3icdVDLSgMxFM3UV62vqjvdBIvgqiSl2HZXcOOygn1Ap5Y7adqGZh4kGaEMBTf+ihsXirj1J9z5N2baCip6IHA451xu7vEiKbQh5MPJrKyurW9kN3Nb2zu7e/n9g5YOY8V4k4UyVB0PNJci4E0jjOSdSHHwPcnb3uQi9du3XGkRBtdmGvGeD6NADAUDY6V+/sg1EGNXCx8ng5uSG9qwO4Eoglk/XyBFQgilFKeEVs6JJb VatUSrmKaWRQEt0ejn391ByGKfB4ZJ0LpLSWR6CSgjmOSznBtrHgGbwIh3LQ3A57qXzG+Y4VOrDPAwVPYFBs/V7xMJ+FpPfc8mfTBj/dtLxb+8bmyG1V4igig2PGCLRcNYYhPitBA8EIozI6eWAFPC/hWzMShgxtaWsyV8XYr/J61SkZIivSoX6uVlHVl0jE7QGaKoguroEjVQEzF0hx7QE3p27p1H58V5XUQzznLmEP2A8/YJJDmXzw==</latexit>

d ⇠ h� z
<latexit sha1_base64="C6uwZ52nQ/E5Jilp+H8cBUCq1e4=">AAAB8XicdVDLSgMxFM34rPVVdekmWAQ3lqQU2+4KblxWsA9sh5LJZNrQJDMkGaGW/oUbF4q49W/c+Tdm2goqeuDC4Zx7ufeeIBHcWIQ+vJXVtfWNzdxWfntnd2+/cHDYNnGqKWvRWMS6GxDDBFesZbkVrJtoRmQgWCcYX2Z+545pw2N1YycJ8yUZKh5xSqyTbkPYN1zC0fn9oFBEJYQQxhhmBFcvkCP1eq2MaxBnlkMRLNEcFN77YUxTyZSlghjTwyix/pRoy6lgs3w/NSwhdEyGrOeoIpIZfzq/eAZPnRLCKNaulIVz9fvElEhjJjJwnZLYkfntZeJfXi+1Uc2fcpWklim6WBSlAtoYZu/DkGtGrZg4Qqjm7lZIR0QTal1IeRfC16fwf9IulzAq4etKsVFZxpEDx+AEnAEMqqABrkATtAAFCjyAJ/DsGe/Re/FeF60r3nLmCPyA9/YJ5feQXg==</latexit><latexit sha1_base64="C6uwZ52nQ/E5Jilp+H8cBUCq1e4=">AAAB8XicdVDLSgMxFM34rPVVdekmWAQ3lqQU2+4KblxWsA9sh5LJZNrQJDMkGaGW/oUbF4q49W/c+Tdm2goqeuDC4Zx7ufeeIBHcWIQ+vJXVtfWNzdxWfntnd2+/cHDYNnGqKWvRWMS6GxDDBFesZbkVrJtoRmQgWCcYX2Z+545pw2N1YycJ8yUZKh5xSqyTbkPYN1zC0fn9oFBEJYQQxhhmBFcvkCP1eq2MaxBnlkMRLNEcFN77YUxTyZSlghjTwyix/pRoy6lgs3w/NSwhdEyGrOeoIpIZfzq/eAZPnRLCKNaulIVz9fvElEhjJjJwnZLYkfntZeJfXi+1Uc2fcpWklim6WBSlAtoYZu/DkGtGrZg4Qqjm7lZIR0QTal1IeRfC16fwf9IulzAq4etKsVFZxpEDx+AEnAEMqqABrkATtAAFCjyAJ/DsGe/Re/FeF60r3nLmCPyA9/YJ5feQXg==</latexit><latexit sha1_base64="C6uwZ52nQ/E5Jilp+H8cBUCq1e4=">AAAB8XicdVDLSgMxFM34rPVVdekmWAQ3lqQU2+4KblxWsA9sh5LJZNrQJDMkGaGW/oUbF4q49W/c+Tdm2goqeuDC4Zx7ufeeIBHcWIQ+vJXVtfWNzdxWfntnd2+/cHDYNnGqKWvRWMS6GxDDBFesZbkVrJtoRmQgWCcYX2Z+545pw2N1YycJ8yUZKh5xSqyTbkPYN1zC0fn9oFBEJYQQxhhmBFcvkCP1eq2MaxBnlkMRLNEcFN77YUxTyZSlghjTwyix/pRoy6lgs3w/NSwhdEyGrOeoIpIZfzq/eAZPnRLCKNaulIVz9fvElEhjJjJwnZLYkfntZeJfXi+1Uc2fcpWklim6WBSlAtoYZu/DkGtGrZg4Qqjm7lZIR0QTal1IeRfC16fwf9IulzAq4etKsVFZxpEDx+AEnAEMqqABrkATtAAFCjyAJ/DsGe/Re/FeF60r3nLmCPyA9/YJ5feQXg==</latexit><latexit sha1_base64="C6uwZ52nQ/E5Jilp+H8cBUCq1e4=">AAAB8XicdVDLSgMxFM34rPVVdekmWAQ3lqQU2+4KblxWsA9sh5LJZNrQJDMkGaGW/oUbF4q49W/c+Tdm2goqeuDC4Zx7ufeeIBHcWIQ+vJXVtfWNzdxWfntnd2+/cHDYNnGqKWvRWMS6GxDDBFesZbkVrJtoRmQgWCcYX2Z+545pw2N1YycJ8yUZKh5xSqyTbkPYN1zC0fn9oFBEJYQQxhhmBFcvkCP1eq2MaxBnlkMRLNEcFN77YUxTyZSlghjTwyix/pRoy6lgs3w/NSwhdEyGrOeoIpIZfzq/eAZPnRLCKNaulIVz9fvElEhjJjJwnZLYkfntZeJfXi+1Uc2fcpWklim6WBSlAtoYZu/DkGtGrZg4Qqjm7lZIR0QTal1IeRfC16fwf9IulzAq4etKsVFZxpEDx+AEnAEMqqABrkATtAAFCjyAJ/DsGe/Re/FeF60r3nLmCPyA9/YJ5feQXg==</latexit>

and
<latexit sha1_base64="z9iX5lfPXVgfU139bnGirQ/3S3Y="></latexit>
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⌫
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<latexit sha1_base64="dmYBmKgrbSB/S/n8XZqiaZAVkrw=">AAAB8nicdVBNS8NAEN34WetX1aOXxSJ4CkkNbb0VvHisYj+gDWWz3bRLN9mwO1FK6M/w4kERr/4ab/4bN20FFX0w8Hhvhpl5QSK4Bsf5sFZW19Y3Ngtbxe2d3b390sFhW8tUUdaiUkjVDYhmgsesBRwE6yaKkSgQrBNMLnO/c8eU5jK+hWnC/IiMYh5ySsBIvf4NH42BKCXvB6WyY1/UqxWvih3bcWpuxc1Jpeade9g1So4yWqI5KL33h5KmEYuBCqJ1z3US8DOigFPBZsV+qllC6ISMWM/QmERM+9n85Bk+NcoQh1KZigHP1e8TGYm0nkaB6YwIjPVvLxf/8nophHU/43GSAovpYlGYCgwS5//jIVeMgpgaQqji5lZMx0QRCialognh61P8P2lXbNex3Wuv3Kgv4yigY3SCzpCLaqiBrlATtRBFEj2gJ/RsgfVovVivi9YVazlzhH7AevsE7iiRpQ==</latexit><latexit sha1_base64="dmYBmKgrbSB/S/n8XZqiaZAVkrw=">AAAB8nicdVBNS8NAEN34WetX1aOXxSJ4CkkNbb0VvHisYj+gDWWz3bRLN9mwO1FK6M/w4kERr/4ab/4bN20FFX0w8Hhvhpl5QSK4Bsf5sFZW19Y3Ngtbxe2d3b390sFhW8tUUdaiUkjVDYhmgsesBRwE6yaKkSgQrBNMLnO/c8eU5jK+hWnC/IiMYh5ySsBIvf4NH42BKCXvB6WyY1/UqxWvih3bcWpuxc1Jpeade9g1So4yWqI5KL33h5KmEYuBCqJ1z3US8DOigFPBZsV+qllC6ISMWM/QmERM+9n85Bk+NcoQh1KZigHP1e8TGYm0nkaB6YwIjPVvLxf/8nophHU/43GSAovpYlGYCgwS5//jIVeMgpgaQqji5lZMx0QRCialognh61P8P2lXbNex3Wuv3Kgv4yigY3SCzpCLaqiBrlATtRBFEj2gJ/RsgfVovVivi9YVazlzhH7AevsE7iiRpQ==</latexit><latexit sha1_base64="dmYBmKgrbSB/S/n8XZqiaZAVkrw=">AAAB8nicdVBNS8NAEN34WetX1aOXxSJ4CkkNbb0VvHisYj+gDWWz3bRLN9mwO1FK6M/w4kERr/4ab/4bN20FFX0w8Hhvhpl5QSK4Bsf5sFZW19Y3Ngtbxe2d3b390sFhW8tUUdaiUkjVDYhmgsesBRwE6yaKkSgQrBNMLnO/c8eU5jK+hWnC/IiMYh5ySsBIvf4NH42BKCXvB6WyY1/UqxWvih3bcWpuxc1Jpeade9g1So4yWqI5KL33h5KmEYuBCqJ1z3US8DOigFPBZsV+qllC6ISMWM/QmERM+9n85Bk+NcoQh1KZigHP1e8TGYm0nkaB6YwIjPVvLxf/8nophHU/43GSAovpYlGYCgwS5//jIVeMgpgaQqji5lZMx0QRCialognh61P8P2lXbNex3Wuv3Kgv4yigY3SCzpCLaqiBrlATtRBFEj2gJ/RsgfVovVivi9YVazlzhH7AevsE7iiRpQ==</latexit><latexit sha1_base64="dmYBmKgrbSB/S/n8XZqiaZAVkrw=">AAAB8nicdVBNS8NAEN34WetX1aOXxSJ4CkkNbb0VvHisYj+gDWWz3bRLN9mwO1FK6M/w4kERr/4ab/4bN20FFX0w8Hhvhpl5QSK4Bsf5sFZW19Y3Ngtbxe2d3b390sFhW8tUUdaiUkjVDYhmgsesBRwE6yaKkSgQrBNMLnO/c8eU5jK+hWnC/IiMYh5ySsBIvf4NH42BKCXvB6WyY1/UqxWvih3bcWpuxc1Jpeade9g1So4yWqI5KL33h5KmEYuBCqJ1z3US8DOigFPBZsV+qllC6ISMWM/QmERM+9n85Bk+NcoQh1KZigHP1e8TGYm0nkaB6YwIjPVvLxf/8nophHU/43GSAovpYlGYCgwS5//jIVeMgpgaQqji5lZMx0QRCialognh61P8P2lXbNex3Wuv3Kgv4yigY3SCzpCLaqiBrlATtRBFEj2gJ/RsgfVovVivi9YVazlzhH7AevsE7iiRpQ==</latexit>

<latexit sha1_base64="4UP/LQr2yUV4IiAmbuHhn3zIy+I=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4GjJ1bOuu4MZlBfuAdiiZNNOGJpkhyQhl6C+4caGIW3/InX9jpq2gogcuHM65l3vvCRPOtEHowymsrW9sbhW3Szu7e/sH5cOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh9Dr3u/dUaRbLOzNLaCDwWLKIEWxyaaCZGJYryL1q1Kp+DSIXobpX9XJSrfsXPvSskqMCVmgNy++DUUxSQaUhHGvd91Biggwrwwin89Ig1TTBZIrHtG+pxILqIFvcOodnVhnBKFa2pIEL9ftEhoXWMxHaToHNRP/2cvEvr5+aqBFkTCapoZIsF0UphyaG+eNwxBQlhs8swUQxeyskE6wwMTaekg3h61P4P+lUXe/SRbd+pdlYxVEEJ+AUnAMP1EET3IAWaAMCJuABPIFnRziPzovzumwtOKuZY/ADztsnfg6Ogw==</latexit>⇠



Convection in a Mushy Layer
(Sea Ice)

Conservation of heat

Conservation of salt ignore diffusion of salt

Liquidus constraint

Darcy’s equation
for flow in a porous medium

Constitutive relation

Incompressibility

@T

@t
+ u ·rT = r2T +
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r · u = 0

T   C   ϕ   u

~1 mm

<latexit sha1_base64="84dfDqipUDH+CeeNEUKWiqIEN1w="></latexit>
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@C

@t
+ u ·rC = C

@�

@t

<latexit sha1_base64="J6/MrhLsdk0nebo+0TMz0dHQPZk=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4sUxK7WMhFLpxWaEvaIeSSTNtaJIZkoxQhv6GGxeKuPVn3Pk3ZtoKKnrgwuGce7n3Hj/iTBvX/XAyG5tb2zvZ3dze/sHhUf74pKvDWBHaISEPVd/HmnImaccww2k/UhQLn9OeP2umfu+eKs1C2TbziHoCTyQLGMHGSsM2vIHtkYBXUDRH+YJbdF0XIQRTgqoV15J6vVZCNYhSy6IA1miN8u/DcUhiQaUhHGs9QG5kvAQrwwini9ww1jTCZIYndGCpxIJqL1nevIAXVhnDIFS2pIFL9ftEgoXWc+HbToHNVP/2UvEvbxCboOYlTEaxoZKsFgUxhyaEaQBwzBQlhs8twUQxeyskU6wwMTamnA3h61P4P+mWiqhSvL4rFxrldRxZcAbOwSVAoAoa4Ba0QAcQEIEH8ASendh5dF6c11VrxlnPnIIfcN4+AcSBkDI=</latexit>

T = Tm �mC

<latexit sha1_base64="hTZ42LR0XxxIf4e1TJuhlYRDpCU=">AAACCXicdVDLSgMxFM3UV62vqks3wSJUxJKU2sdCKHTjsoJ9QGcYMmnahmYeJBmhlG7d+CtuXCji1j9w59+YaSuo6IHLPZxzL8k9XiS40gh9WKmV1bX1jfRmZmt7Z3cvu3/QVmEsKWvRUISy6xHFBA9YS3MtWDeSjPieYB1v3Ej8zi2TiofBjZ5EzPHJMOADTok2kpuFthyF8HLeXNTD8AzaHtMk34DnsOGiUzebQwWEEMYYJgRXysiQWq1axFWIE8sgB5Zoutl3ux/S2GeBpoIo1cMo0s6USM2pYLOMHSsWETomQ9YzNCA+U850fskMnhilDwehNBVoOFe/b0yJr9TE98ykT/RI/fYS8S+vF+tB1ZnyIIo1C+jioUEsoA5hEgvsc8moFhNDCJXc/BXSEZGEahNexoTwdSn8n7SLBVwuXFyXcvXSMo40OALHIA8wqIA6uAJN0AIU3IEH8ASerXvr0XqxXhejKWu5cwh+wHr7BNRAlzU=</latexit>

⇢ = ⇢0[1 + �(C � C0)



Scaling

Suppose that system is solidifying at rate V  and scale

velocities with V time with κ /V 2lengths with κ /V pressure with with Δρgκ /V

Write where
<latexit sha1_base64="LumZC5g6kKno0vqJ/Tn42663vJU="></latexit>

✓ =
T � T0

�T
= �C � C0

�C

<latexit sha1_base64="ZCOe9e1gUPNMUt6DATLE7INmxbw=">AAAB/XicdZDLSgMxFIYz9Vbrbbzs3ASL4KokpfayEAp14bJCL0I7lEyaaUMzF5KMUIfiq7hxoYhb38Odb2OmraCiBwIf/38O5+R3I8GVRujDyqysrq1vZDdzW9s7u3v2/kFHhbGkrE1DEcoblygmeMDammvBbiLJiO8K1nUnjdTv3jKpeBi09DRijk9GAfc4JdpIA/uof8mEJrAFL6C/5MbAzqMCQghjDFPAlTIyUKtVi7gKcWqZyoNlNQf2e38Y0thngaaCKNXDKNJOQqTmVLBZrh8rFhE6ISPWMxgQnyknmV8/g6dGGUIvlOYFGs7V7xMJ8ZWa+q7p9Ikeq99eKv7l9WLtVZ2EB1GsWUAXi7xYQB3CNAo45JJRLaYGCJXc3ArpmEhCtQksZ0L4+in8HzrFAi4Xzq9L+XppGUcWHIMTcAYwqIA6uAJN0AYU3IEH8ASerXvr0XqxXhetGWs5cwh+lPX2CX1qk/I=</latexit>

�T = m�C

<latexit sha1_base64="LBlaYvOyMVczQu+PhF1pv7rwVbk="></latexit>

@✓

@t
+ u ·r✓ = r2✓ + S @�

@t
<latexit sha1_base64="Zplz7GUaTcyvs1UaKWBjfP/solM=">AAACbHicdVHLahsxFNVM+kjcR9y0i5RQEDUtDiVmFNLEWQQC2XSZQp0ELGPuaDSxiEYapDsFM8yqf9hdP6GbfkM0tkPb0F4QHM4596m01MpjkvyI4rUHDx89Xt/oPHn67Plm98XWhbeVE3IkrLbuKgUvtTJyhAq1vCqdhCLV8jK9OWv1y6/SeWXNF5yXclLAtVG5EoCBmna/9Rndo7ycqd2al+BQgeY4kwjchrw7imJDP9Capz mtGi4yi9xAqmFppSe0v0J7wbSYqnYyC86Qetb8Lr3odL/ytNtLBkmSMMZoC9jRYRLA8fFwnw0pa6UQPbKK82n3O8+sqAppUGjwfsySEid1W1Bo2XR45WUJ4gau5ThAA4X0k3oxVkPfBSajuXXhGaQL9s+MGgrv50UanAXgzN/XWvJf2rjCfDiplSkrlEYsG+VVWNDS9vI0U04K1PMAQDgVZqViBg4Ehv/phCPcbUr/Dy72B+xw8PHzQe/0YHWOdbJD3pI+YeSInJJP5JyMiCA/o81oO3od/YpfxTvxm6U1jlY5L8lfEb+/BWILu1k=</latexit>

(1� �)
@✓

@t
+ u ·r✓ = (✓ � C)@�

@t

<latexit sha1_base64="+IW/VdTO4YS6fDllH4gIvs7XYkA="></latexit>

u = Rm[�rp+ ✓k]

<latexit sha1_base64="8NrKiBhrIiGkhAIEcK/QXEourEY=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIrkpSah8LoeDGZQX7gE4pmTTThmYyQ5IRytiFv+LGhSJu/Q13/o2ZtoKKHrhwOOde7r3HiwTXBqEPJ7Oyura+kd3MbW3v7O7l9w/aOowVZS0ailB1PaKZ4JK1DDeCdSPFSOAJ1vEml6nfuWVK81DemGnE+gEZSe5zSoyVBvkjVxJPEJcOQ5O4ng/jGbyAaJAvoCJCCGMMU4KrFWRJvV4r4RrEqWVRAEs0B/l3dxjSOGDSUEG07mEUmX5ClOFUsFnOjTWLCJ2QEetZKknAdD+Z3z+Dp1YZQj9UtqSBc/X7REICraeBZzsDYsb6t5eKf3m92Pi1fsJlFBsm6WKRHwtoQpiGAYdcMWrE1BJCFbe3QjomilBjI8vZEL4+hf+TdqmIK8Xz63KhUV7GkQXH4AScAQyqoAGuQBO0AAV34AE8gWfn3nl0XpzXRWvGWc4cgh9w3j4BE4uVdw==</latexit>
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Indicative Stability Analysis
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&

'
(

)

*
+=∇2θ

u = Rm −∇p+θk[ ]
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T0 +ΔT

h =κ /V

θ = 0

θ =1
z = 0

z =1

Write
θ =1− z+θ̂ z( )eiαx+σ t

w =          ŵ z( )eiαx+σ t
u = u,w( )

Substitute, linearize and look for marginal (steady) states with σ = 0

−Ωŵ = D2 −α2( )θ̂
D2 −α2( ) ŵ =α2Rmθ̂

D2 −α2( )2 ŵ = −α2ΩRmŵ⇒
D ≡

d
dz



Marginal Stability Results

D2 −α2( )2 ŵ = −α2ΩRmŵ

ŵ = 0 θ̂ = 0⇒ D2ŵ = 0

Dŵ = 0 Dθ̂ = 0⇒ D3ŵ = 0

No flow, constant temperature

Constant pressure and heat flux
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Marginal Stability Results

No flow, constant temperature

Constant pressure and heat flux

α

Rc

Instability if

D✓̂ = 0Dŵ = 0
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(3 mm gap)

Fixed-temperature
heat exchangers

Directional Solidification



Dynamic Control of Brine Rejection

Rm =
��C g⇧ (/V )

⌫
V = 2µm s�1 ! 0.5µm s�1 ! 2µm s�1



MRI study of structure and flow in convecting sea ice

Horizontal cross-section of
platelets and brine channels

Vertical cross-section through
an evolving brine channel

Aussillous, Sederman, Gladden, Huppert & Worster



3.8 h < t < 8 h (7)
1.5 h < t < 3 h (7)

9 h < t < 15 h (7)

z
h(t)

Evolution of Solid Fraction

Porosity



Van Mijen Fjord, Svalbard 2001



Field Experiments

John Wettlaufer

Dirk Notz
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Field Measurements of Porosity and Salinity

Impedance measurement of solid fraction

Notz, Wettlaufer & Worster
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Derived Measurements of Local Rayleigh Number

Rm =
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2D Numerical Modelling
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CAP Model of Convection with Brine Channels

z = 0

z = zc

z = h

w(z)w(x, z)

stagnant

passive active

ch
im

n
ey

Rees Jones & Worster

Determine channel spacing by optimising the buoyancy flux (Wells & Wettlaufer)

w = �
�g⇧

⌫
[Sbr(zc)� S0]

z � zc
h� zc

Which gives
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Stagnant

Convecting w(z)

z = 0

z = zc

One-Dimensional Model of Convecting Sea Ice

Depth of convecting region set by critical Rayleigh number

z = H
h

�g[C(zc) � C0]⇥�⇤h
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= Rc

T

One-dimensional modelling of convecting mushy layer



Evolution of Convecting Sea Ice



Evolution of Convecting Sea Ice



Capabilities and Characteristics of
1-D Convection Schemes

Capture delay in onset of convection seen in some experiments.

Predict enhancement or re-initiation of brine drainage during 
periods of warming.

Straightforwardly adjust to different ocean salinities.

Buoyancy flux determined dynamically – not thermodynamically 
tied to growth rate.



Summary

Convection begins at a critical value of the Rayleigh number

Convective fluxes (eg brine fluxes) are best parameterized in terms of a Rayleigh number

The Rayleigh number for a mushy layer (sea ice) depends on permeability and solutal 
buoyancy but thermal diffusivity

Convection in sea ice causes formation of brine channels by dissolution 

Convection in a mushy layer is confined to a region near the ice–ocean interface.


