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We consider two irreversible chemical reactions in a perfectly mixed chemical reactor

• A �! B �! C

• 2A �! D

The two reactions compete to convert species A, species B is the desired product

The chemical reactor operates in liquid-phase

 Assume constant volume, V 6= V (t)

 Assume constant density, ⇢ 6= ⇢(t)

Assume constant temperature

 T (t) 6= T (t)

Volumetric flow-rates

 Fi (t) and Fo(t)

Fi

Fo
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[B]

V
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[A]i
<latexit sha1_base64="eALhfsTVQIv150wN7slZcgBtUI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv53Zugz/vVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx9v7o5t</latexit><latexit sha1_base64="eALhfsTVQIv150wN7slZcgBtUI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv53Zugz/vVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx9v7o5t</latexit><latexit sha1_base64="eALhfsTVQIv150wN7slZcgBtUI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv53Zugz/vVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx9v7o5t</latexit><latexit sha1_base64="eALhfsTVQIv150wN7slZcgBtUI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv53Zugz/vVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx9v7o5t</latexit>
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<latexit sha1_base64="LfYpRBU7r44SuUJjJ3FQ67FFHEg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVbye81gwAfVmlt3FyDrxCtIDQq0BtWv/jBhWYzSMEG17nluaoKcKsOZwFmln2lMKZvQEfYslTRGHeSLY2fkwipDEiXKljRkof6eyGms9TQObWdMzVivenPxP6+Xmeg2yLlMM4OSLRdFmSAmIfPPyZArZEZMLaFMcXsrYWOqKDM2n4oNwVt9eZ20r+qeW/cermuNZhFHGc7gHC7BgxtowD20wAcGHJ7hFd4c6bw4787HsrXkFDOn8AfO5w9xdY5u</latexit><latexit sha1_base64="LfYpRBU7r44SuUJjJ3FQ67FFHEg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVbye81gwAfVmlt3FyDrxCtIDQq0BtWv/jBhWYzSMEG17nluaoKcKsOZwFmln2lMKZvQEfYslTRGHeSLY2fkwipDEiXKljRkof6eyGms9TQObWdMzVivenPxP6+Xmeg2yLlMM4OSLRdFmSAmIfPPyZArZEZMLaFMcXsrYWOqKDM2n4oNwVt9eZ20r+qeW/cermuNZhFHGc7gHC7BgxtowD20wAcGHJ7hFd4c6bw4787HsrXkFDOn8AfO5w9xdY5u</latexit><latexit sha1_base64="LfYpRBU7r44SuUJjJ3FQ67FFHEg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVbye81gwAfVmlt3FyDrxCtIDQq0BtWv/jBhWYzSMEG17nluaoKcKsOZwFmln2lMKZvQEfYslTRGHeSLY2fkwipDEiXKljRkof6eyGms9TQObWdMzVivenPxP6+Xmeg2yLlMM4OSLRdFmSAmIfPPyZArZEZMLaFMcXsrYWOqKDM2n4oNwVt9eZ20r+qeW/cermuNZhFHGc7gHC7BgxtowD20wAcGHJ7hFd4c6bw4787HsrXkFDOn8AfO5w9xdY5u</latexit><latexit sha1_base64="LfYpRBU7r44SuUJjJ3FQ67FFHEg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVbye81gwAfVmlt3FyDrxCtIDQq0BtWv/jBhWYzSMEG17nluaoKcKsOZwFmln2lMKZvQEfYslTRGHeSLY2fkwipDEiXKljRkof6eyGms9TQObWdMzVivenPxP6+Xmeg2yLlMM4OSLRdFmSAmIfPPyZArZEZMLaFMcXsrYWOqKDM2n4oNwVt9eZ20r+qeW/cermuNZhFHGc7gHC7BgxtowD20wAcGHJ7hFd4c6bw4787HsrXkFDOn8AfO5w9xdY5u</latexit>
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<latexit sha1_base64="ygr5GM/dmEQgUHSyp7wGBt62x60=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST5tzvPHFtRKIecZryIKYjJSLBKFrJ7zWDgRhUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFtkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XGXRFHGc7gHC7BgxtowD20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w9y/I5v</latexit><latexit sha1_base64="ygr5GM/dmEQgUHSyp7wGBt62x60=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST5tzvPHFtRKIecZryIKYjJSLBKFrJ7zWDgRhUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFtkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XGXRFHGc7gHC7BgxtowD20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w9y/I5v</latexit><latexit sha1_base64="ygr5GM/dmEQgUHSyp7wGBt62x60=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST5tzvPHFtRKIecZryIKYjJSLBKFrJ7zWDgRhUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFtkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XGXRFHGc7gHC7BgxtowD20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w9y/I5v</latexit><latexit sha1_base64="ygr5GM/dmEQgUHSyp7wGBt62x60=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST5tzvPHFtRKIecZryIKYjJSLBKFrJ7zWDgRhUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFtkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XGXRFHGc7gHC7BgxtowD20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w9y/I5v</latexit>

[D]i
<latexit sha1_base64="63KSdNIASaMPVCm2HinLwF5Zvcs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzkd++CPu9Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8AdIOOcA==</latexit><latexit sha1_base64="63KSdNIASaMPVCm2HinLwF5Zvcs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzkd++CPu9Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8AdIOOcA==</latexit><latexit sha1_base64="63KSdNIASaMPVCm2HinLwF5Zvcs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzkd++CPu9Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8AdIOOcA==</latexit><latexit sha1_base64="63KSdNIASaMPVCm2HinLwF5Zvcs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzkd++CPu9Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8AdIOOcA==</latexit>

Our interest is in understanding the dynamics of the concentrations inside the reactor

 The concentration of species A, B , C and D , as a function of time

• [A](t), [B ](t), [C ](t), and [D ](t) (molar concentrations, [mol lt�1])
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Example II (cont.)

Reaction rate constants (per unit volume)

A
k1�! B

k2�! C

2A
k3�! D

Assume that only component A is fed

• [B ]i (t), [C ]i (t), [D ]i (t) = 0

• [A]i (t) 6= 0

Fi

Fo

[A]

[B]

V

[C]
[D]
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<latexit sha1_base64="eALhfsTVQIv150wN7slZcgBtUI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv53Zugz/vVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx9v7o5t</latexit><latexit sha1_base64="eALhfsTVQIv150wN7slZcgBtUI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv53Zugz/vVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx9v7o5t</latexit><latexit sha1_base64="eALhfsTVQIv150wN7slZcgBtUI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv53Zugz/vVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx9v7o5t</latexit><latexit sha1_base64="eALhfsTVQIv150wN7slZcgBtUI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv53Zugz/vVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx9v7o5t</latexit>
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<latexit sha1_base64="LfYpRBU7r44SuUJjJ3FQ67FFHEg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVbye81gwAfVmlt3FyDrxCtIDQq0BtWv/jBhWYzSMEG17nluaoKcKsOZwFmln2lMKZvQEfYslTRGHeSLY2fkwipDEiXKljRkof6eyGms9TQObWdMzVivenPxP6+Xmeg2yLlMM4OSLRdFmSAmIfPPyZArZEZMLaFMcXsrYWOqKDM2n4oNwVt9eZ20r+qeW/cermuNZhFHGc7gHC7BgxtowD20wAcGHJ7hFd4c6bw4787HsrXkFDOn8AfO5w9xdY5u</latexit><latexit sha1_base64="LfYpRBU7r44SuUJjJ3FQ67FFHEg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVbye81gwAfVmlt3FyDrxCtIDQq0BtWv/jBhWYzSMEG17nluaoKcKsOZwFmln2lMKZvQEfYslTRGHeSLY2fkwipDEiXKljRkof6eyGms9TQObWdMzVivenPxP6+Xmeg2yLlMM4OSLRdFmSAmIfPPyZArZEZMLaFMcXsrYWOqKDM2n4oNwVt9eZ20r+qeW/cermuNZhFHGc7gHC7BgxtowD20wAcGHJ7hFd4c6bw4787HsrXkFDOn8AfO5w9xdY5u</latexit><latexit sha1_base64="LfYpRBU7r44SuUJjJ3FQ67FFHEg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVbye81gwAfVmlt3FyDrxCtIDQq0BtWv/jBhWYzSMEG17nluaoKcKsOZwFmln2lMKZvQEfYslTRGHeSLY2fkwipDEiXKljRkof6eyGms9TQObWdMzVivenPxP6+Xmeg2yLlMM4OSLRdFmSAmIfPPyZArZEZMLaFMcXsrYWOqKDM2n4oNwVt9eZ20r+qeW/cermuNZhFHGc7gHC7BgxtowD20wAcGHJ7hFd4c6bw4787HsrXkFDOn8AfO5w9xdY5u</latexit><latexit sha1_base64="LfYpRBU7r44SuUJjJ3FQ67FFHEg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVbye81gwAfVmlt3FyDrxCtIDQq0BtWv/jBhWYzSMEG17nluaoKcKsOZwFmln2lMKZvQEfYslTRGHeSLY2fkwipDEiXKljRkof6eyGms9TQObWdMzVivenPxP6+Xmeg2yLlMM4OSLRdFmSAmIfPPyZArZEZMLaFMcXsrYWOqKDM2n4oNwVt9eZ20r+qeW/cermuNZhFHGc7gHC7BgxtowD20wAcGHJ7hFd4c6bw4787HsrXkFDOn8AfO5w9xdY5u</latexit>

[C]i
<latexit sha1_base64="ygr5GM/dmEQgUHSyp7wGBt62x60=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST5tzvPHFtRKIecZryIKYjJSLBKFrJ7zWDgRhUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFtkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XGXRFHGc7gHC7BgxtowD20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w9y/I5v</latexit><latexit sha1_base64="ygr5GM/dmEQgUHSyp7wGBt62x60=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST5tzvPHFtRKIecZryIKYjJSLBKFrJ7zWDgRhUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFtkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XGXRFHGc7gHC7BgxtowD20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w9y/I5v</latexit><latexit sha1_base64="ygr5GM/dmEQgUHSyp7wGBt62x60=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST5tzvPHFtRKIecZryIKYjJSLBKFrJ7zWDgRhUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFtkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XGXRFHGc7gHC7BgxtowD20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w9y/I5v</latexit><latexit sha1_base64="ygr5GM/dmEQgUHSyp7wGBt62x60=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST5tzvPHFtRKIecZryIKYjJSLBKFrJ7zWDgRhUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFtkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XGXRFHGc7gHC7BgxtowD20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w9y/I5v</latexit>

[D]i
<latexit sha1_base64="63KSdNIASaMPVCm2HinLwF5Zvcs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzkd++CPu9Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8AdIOOcA==</latexit><latexit sha1_base64="63KSdNIASaMPVCm2HinLwF5Zvcs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzkd++CPu9Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8AdIOOcA==</latexit><latexit sha1_base64="63KSdNIASaMPVCm2HinLwF5Zvcs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzkd++CPu9Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8AdIOOcA==</latexit><latexit sha1_base64="63KSdNIASaMPVCm2HinLwF5Zvcs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzkd++CPu9Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8AdIOOcA==</latexit>

The total material balance, under the assumption of a constant volume in the tank

Total mass balance

dV (t)

dt
= Fi (t)� Fo(t) = 0

As a result, we simplify notation

• V (t) = constant = V

• Fi (t) = Fo(t) = F (t)
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Example II

Example II (cont.)

A
k1�! B

k2�! C

2A
k3�! D

• [B ]i (t), [C ]i (t), [D ]i (t) = 0

• [A]i (t) 6= 0

Fi

Fo

[A]

[B]

V

[C]
[D]

[A]i
<latexit sha1_base64="eALhfsTVQIv150wN7slZcgBtUI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv53Zugz/vVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx9v7o5t</latexit><latexit sha1_base64="eALhfsTVQIv150wN7slZcgBtUI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv53Zugz/vVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx9v7o5t</latexit><latexit sha1_base64="eALhfsTVQIv150wN7slZcgBtUI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv53Zugz/vVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx9v7o5t</latexit><latexit sha1_base64="eALhfsTVQIv150wN7slZcgBtUI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv53Zugz/vVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx9v7o5t</latexit>

[B]i
<latexit sha1_base64="LfYpRBU7r44SuUJjJ3FQ67FFHEg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVbye81gwAfVmlt3FyDrxCtIDQq0BtWv/jBhWYzSMEG17nluaoKcKsOZwFmln2lMKZvQEfYslTRGHeSLY2fkwipDEiXKljRkof6eyGms9TQObWdMzVivenPxP6+Xmeg2yLlMM4OSLRdFmSAmIfPPyZArZEZMLaFMcXsrYWOqKDM2n4oNwVt9eZ20r+qeW/cermuNZhFHGc7gHC7BgxtowD20wAcGHJ7hFd4c6bw4787HsrXkFDOn8AfO5w9xdY5u</latexit><latexit sha1_base64="LfYpRBU7r44SuUJjJ3FQ67FFHEg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVbye81gwAfVmlt3FyDrxCtIDQq0BtWv/jBhWYzSMEG17nluaoKcKsOZwFmln2lMKZvQEfYslTRGHeSLY2fkwipDEiXKljRkof6eyGms9TQObWdMzVivenPxP6+Xmeg2yLlMM4OSLRdFmSAmIfPPyZArZEZMLaFMcXsrYWOqKDM2n4oNwVt9eZ20r+qeW/cermuNZhFHGc7gHC7BgxtowD20wAcGHJ7hFd4c6bw4787HsrXkFDOn8AfO5w9xdY5u</latexit><latexit sha1_base64="LfYpRBU7r44SuUJjJ3FQ67FFHEg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVbye81gwAfVmlt3FyDrxCtIDQq0BtWv/jBhWYzSMEG17nluaoKcKsOZwFmln2lMKZvQEfYslTRGHeSLY2fkwipDEiXKljRkof6eyGms9TQObWdMzVivenPxP6+Xmeg2yLlMM4OSLRdFmSAmIfPPyZArZEZMLaFMcXsrYWOqKDM2n4oNwVt9eZ20r+qeW/cermuNZhFHGc7gHC7BgxtowD20wAcGHJ7hFd4c6bw4787HsrXkFDOn8AfO5w9xdY5u</latexit><latexit sha1_base64="LfYpRBU7r44SuUJjJ3FQ67FFHEg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVbye81gwAfVmlt3FyDrxCtIDQq0BtWv/jBhWYzSMEG17nluaoKcKsOZwFmln2lMKZvQEfYslTRGHeSLY2fkwipDEiXKljRkof6eyGms9TQObWdMzVivenPxP6+Xmeg2yLlMM4OSLRdFmSAmIfPPyZArZEZMLaFMcXsrYWOqKDM2n4oNwVt9eZ20r+qeW/cermuNZhFHGc7gHC7BgxtowD20wAcGHJ7hFd4c6bw4787HsrXkFDOn8AfO5w9xdY5u</latexit>

[C]i
<latexit sha1_base64="ygr5GM/dmEQgUHSyp7wGBt62x60=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST5tzvPHFtRKIecZryIKYjJSLBKFrJ7zWDgRhUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFtkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XGXRFHGc7gHC7BgxtowD20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w9y/I5v</latexit><latexit sha1_base64="ygr5GM/dmEQgUHSyp7wGBt62x60=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST5tzvPHFtRKIecZryIKYjJSLBKFrJ7zWDgRhUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFtkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XGXRFHGc7gHC7BgxtowD20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w9y/I5v</latexit><latexit sha1_base64="ygr5GM/dmEQgUHSyp7wGBt62x60=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST5tzvPHFtRKIecZryIKYjJSLBKFrJ7zWDgRhUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFtkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XGXRFHGc7gHC7BgxtowD20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w9y/I5v</latexit><latexit sha1_base64="ygr5GM/dmEQgUHSyp7wGBt62x60=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST5tzvPHFtRKIecZryIKYjJSLBKFrJ7zWDgRhUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFtkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XGXRFHGc7gHC7BgxtowD20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w9y/I5v</latexit>

[D]i
<latexit sha1_base64="63KSdNIASaMPVCm2HinLwF5Zvcs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzkd++CPu9Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8AdIOOcA==</latexit><latexit sha1_base64="63KSdNIASaMPVCm2HinLwF5Zvcs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzkd++CPu9Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8AdIOOcA==</latexit><latexit sha1_base64="63KSdNIASaMPVCm2HinLwF5Zvcs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzkd++CPu9Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8AdIOOcA==</latexit><latexit sha1_base64="63KSdNIASaMPVCm2HinLwF5Zvcs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzkd++CPu9Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8AdIOOcA==</latexit>

Mass balance for component A
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Example II

Example II (cont.)

A
k1�! B

k2�! C

2A
k3�! D

• [B ]i (t), [C ]i (t), [D ]i (t) = 0

• [A]i (t) 6= 0

Fi

Fo

[A]

[B]

V

[C]
[D]

[A]i
<latexit sha1_base64="eALhfsTVQIv150wN7slZcgBtUI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv53Zugz/vVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx9v7o5t</latexit><latexit sha1_base64="eALhfsTVQIv150wN7slZcgBtUI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv53Zugz/vVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx9v7o5t</latexit><latexit sha1_base64="eALhfsTVQIv150wN7slZcgBtUI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv53Zugz/vVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx9v7o5t</latexit><latexit sha1_base64="eALhfsTVQIv150wN7slZcgBtUI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv53Zugz/vVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx9v7o5t</latexit>

[B]i
<latexit sha1_base64="LfYpRBU7r44SuUJjJ3FQ67FFHEg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVbye81gwAfVmlt3FyDrxCtIDQq0BtWv/jBhWYzSMEG17nluaoKcKsOZwFmln2lMKZvQEfYslTRGHeSLY2fkwipDEiXKljRkof6eyGms9TQObWdMzVivenPxP6+Xmeg2yLlMM4OSLRdFmSAmIfPPyZArZEZMLaFMcXsrYWOqKDM2n4oNwVt9eZ20r+qeW/cermuNZhFHGc7gHC7BgxtowD20wAcGHJ7hFd4c6bw4787HsrXkFDOn8AfO5w9xdY5u</latexit><latexit sha1_base64="LfYpRBU7r44SuUJjJ3FQ67FFHEg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVbye81gwAfVmlt3FyDrxCtIDQq0BtWv/jBhWYzSMEG17nluaoKcKsOZwFmln2lMKZvQEfYslTRGHeSLY2fkwipDEiXKljRkof6eyGms9TQObWdMzVivenPxP6+Xmeg2yLlMM4OSLRdFmSAmIfPPyZArZEZMLaFMcXsrYWOqKDM2n4oNwVt9eZ20r+qeW/cermuNZhFHGc7gHC7BgxtowD20wAcGHJ7hFd4c6bw4787HsrXkFDOn8AfO5w9xdY5u</latexit><latexit sha1_base64="LfYpRBU7r44SuUJjJ3FQ67FFHEg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVbye81gwAfVmlt3FyDrxCtIDQq0BtWv/jBhWYzSMEG17nluaoKcKsOZwFmln2lMKZvQEfYslTRGHeSLY2fkwipDEiXKljRkof6eyGms9TQObWdMzVivenPxP6+Xmeg2yLlMM4OSLRdFmSAmIfPPyZArZEZMLaFMcXsrYWOqKDM2n4oNwVt9eZ20r+qeW/cermuNZhFHGc7gHC7BgxtowD20wAcGHJ7hFd4c6bw4787HsrXkFDOn8AfO5w9xdY5u</latexit><latexit sha1_base64="LfYpRBU7r44SuUJjJ3FQ67FFHEg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVbye81gwAfVmlt3FyDrxCtIDQq0BtWv/jBhWYzSMEG17nluaoKcKsOZwFmln2lMKZvQEfYslTRGHeSLY2fkwipDEiXKljRkof6eyGms9TQObWdMzVivenPxP6+Xmeg2yLlMM4OSLRdFmSAmIfPPyZArZEZMLaFMcXsrYWOqKDM2n4oNwVt9eZ20r+qeW/cermuNZhFHGc7gHC7BgxtowD20wAcGHJ7hFd4c6bw4787HsrXkFDOn8AfO5w9xdY5u</latexit>

[C]i
<latexit sha1_base64="ygr5GM/dmEQgUHSyp7wGBt62x60=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST5tzvPHFtRKIecZryIKYjJSLBKFrJ7zWDgRhUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFtkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XGXRFHGc7gHC7BgxtowD20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w9y/I5v</latexit><latexit sha1_base64="ygr5GM/dmEQgUHSyp7wGBt62x60=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST5tzvPHFtRKIecZryIKYjJSLBKFrJ7zWDgRhUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFtkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XGXRFHGc7gHC7BgxtowD20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w9y/I5v</latexit><latexit sha1_base64="ygr5GM/dmEQgUHSyp7wGBt62x60=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST5tzvPHFtRKIecZryIKYjJSLBKFrJ7zWDgRhUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFtkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XGXRFHGc7gHC7BgxtowD20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w9y/I5v</latexit><latexit sha1_base64="ygr5GM/dmEQgUHSyp7wGBt62x60=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST5tzvPHFtRKIecZryIKYjJSLBKFrJ7zWDgRhUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFtkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XGXRFHGc7gHC7BgxtowD20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w9y/I5v</latexit>

[D]i
<latexit sha1_base64="63KSdNIASaMPVCm2HinLwF5Zvcs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzkd++CPu9Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8AdIOOcA==</latexit><latexit sha1_base64="63KSdNIASaMPVCm2HinLwF5Zvcs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzkd++CPu9Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8AdIOOcA==</latexit><latexit sha1_base64="63KSdNIASaMPVCm2HinLwF5Zvcs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzkd++CPu9Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8AdIOOcA==</latexit><latexit sha1_base64="63KSdNIASaMPVCm2HinLwF5Zvcs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzkd++CPu9Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8AdIOOcA==</latexit>

Mass balance for component B, C , and D

d

dt
[B ](t) =

F (t)

V

⇣
⇠⇠⇠[B ]i (t)| {z }

=0

�[B ](t)
⌘
+ k1[A](t)� k2[B ](t)

d

dt
[C ](t) =

F (t)

V

⇣
⇠⇠⇠[C ]i (t)| {z }

=0

�[C ](t)
⌘
+ k2[B ](t)

d

dt
[D ](t) =

F (t)

V

⇣
⇠⇠⇠[D ]i (t)| {z }

=0

�[D ](t)
⌘
+

1

2
k3[A]2(t)
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Example II (cont.)

A
k1�! B

k2�! C

2A
k3�! D

• [B ]i (t), [C ]i (t), [D ]i (t) = 0

• [A]i (t) 6= 0

Fi

Fo

[A]

[B]

V

[C]
[D]

[A]i
<latexit sha1_base64="eALhfsTVQIv150wN7slZcgBtUI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv53Zugz/vVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx9v7o5t</latexit><latexit sha1_base64="eALhfsTVQIv150wN7slZcgBtUI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv53Zugz/vVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx9v7o5t</latexit><latexit sha1_base64="eALhfsTVQIv150wN7slZcgBtUI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv53Zugz/vVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx9v7o5t</latexit><latexit sha1_base64="eALhfsTVQIv150wN7slZcgBtUI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv53Zugz/vVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx9v7o5t</latexit>

[B]i
<latexit sha1_base64="LfYpRBU7r44SuUJjJ3FQ67FFHEg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVbye81gwAfVmlt3FyDrxCtIDQq0BtWv/jBhWYzSMEG17nluaoKcKsOZwFmln2lMKZvQEfYslTRGHeSLY2fkwipDEiXKljRkof6eyGms9TQObWdMzVivenPxP6+Xmeg2yLlMM4OSLRdFmSAmIfPPyZArZEZMLaFMcXsrYWOqKDM2n4oNwVt9eZ20r+qeW/cermuNZhFHGc7gHC7BgxtowD20wAcGHJ7hFd4c6bw4787HsrXkFDOn8AfO5w9xdY5u</latexit><latexit sha1_base64="LfYpRBU7r44SuUJjJ3FQ67FFHEg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVbye81gwAfVmlt3FyDrxCtIDQq0BtWv/jBhWYzSMEG17nluaoKcKsOZwFmln2lMKZvQEfYslTRGHeSLY2fkwipDEiXKljRkof6eyGms9TQObWdMzVivenPxP6+Xmeg2yLlMM4OSLRdFmSAmIfPPyZArZEZMLaFMcXsrYWOqKDM2n4oNwVt9eZ20r+qeW/cermuNZhFHGc7gHC7BgxtowD20wAcGHJ7hFd4c6bw4787HsrXkFDOn8AfO5w9xdY5u</latexit><latexit sha1_base64="LfYpRBU7r44SuUJjJ3FQ67FFHEg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVbye81gwAfVmlt3FyDrxCtIDQq0BtWv/jBhWYzSMEG17nluaoKcKsOZwFmln2lMKZvQEfYslTRGHeSLY2fkwipDEiXKljRkof6eyGms9TQObWdMzVivenPxP6+Xmeg2yLlMM4OSLRdFmSAmIfPPyZArZEZMLaFMcXsrYWOqKDM2n4oNwVt9eZ20r+qeW/cermuNZhFHGc7gHC7BgxtowD20wAcGHJ7hFd4c6bw4787HsrXkFDOn8AfO5w9xdY5u</latexit><latexit sha1_base64="LfYpRBU7r44SuUJjJ3FQ67FFHEg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVbye81gwAfVmlt3FyDrxCtIDQq0BtWv/jBhWYzSMEG17nluaoKcKsOZwFmln2lMKZvQEfYslTRGHeSLY2fkwipDEiXKljRkof6eyGms9TQObWdMzVivenPxP6+Xmeg2yLlMM4OSLRdFmSAmIfPPyZArZEZMLaFMcXsrYWOqKDM2n4oNwVt9eZ20r+qeW/cermuNZhFHGc7gHC7BgxtowD20wAcGHJ7hFd4c6bw4787HsrXkFDOn8AfO5w9xdY5u</latexit>

[C]i
<latexit sha1_base64="ygr5GM/dmEQgUHSyp7wGBt62x60=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST5tzvPHFtRKIecZryIKYjJSLBKFrJ7zWDgRhUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFtkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XGXRFHGc7gHC7BgxtowD20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w9y/I5v</latexit><latexit sha1_base64="ygr5GM/dmEQgUHSyp7wGBt62x60=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST5tzvPHFtRKIecZryIKYjJSLBKFrJ7zWDgRhUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFtkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XGXRFHGc7gHC7BgxtowD20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w9y/I5v</latexit><latexit sha1_base64="ygr5GM/dmEQgUHSyp7wGBt62x60=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST5tzvPHFtRKIecZryIKYjJSLBKFrJ7zWDgRhUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFtkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XGXRFHGc7gHC7BgxtowD20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w9y/I5v</latexit><latexit sha1_base64="ygr5GM/dmEQgUHSyp7wGBt62x60=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST5tzvPHFtRKIecZryIKYjJSLBKFrJ7zWDgRhUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFtkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XGXRFHGc7gHC7BgxtowD20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w9y/I5v</latexit>

[D]i
<latexit sha1_base64="63KSdNIASaMPVCm2HinLwF5Zvcs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzkd++CPu9Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8AdIOOcA==</latexit><latexit sha1_base64="63KSdNIASaMPVCm2HinLwF5Zvcs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzkd++CPu9Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8AdIOOcA==</latexit><latexit sha1_base64="63KSdNIASaMPVCm2HinLwF5Zvcs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzkd++CPu9Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8AdIOOcA==</latexit><latexit sha1_base64="63KSdNIASaMPVCm2HinLwF5Zvcs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzkd++CPu9Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8AdIOOcA==</latexit>

Putting things together, we get the dynamics of the state-space model of the reactor

d

dt
[A](t) =

F (t)

V

⇣
[A]i (t)� [A](t)

⌘
� k1[A](t)� k3[A]2(t)

d

dt
[B ](t) = �

F (t)

V
[B ](t) + k1[A](t)� k2[B ](t)

d

dt
[C ](t) = �

F (t)

V
[C ](t) + k2[B ](t)

d

dt
[D ](t) = �

F (t)

V
[D ](t) +

1

2
k3[A]2(t)

k1 = 5/6 [min�1]

k2 = 5/3 [min�1]

k3 = 1/6 [lt(mol�1min�1)]
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Example II (cont.)

d

dt
[A](t) =

F (t)

V

⇣
[A]i (t)� [A](t)

⌘
� k1[A](t)� k3[A]2(t)

d

dt
[B ](t) = �

F (t)

V
[B ](t) + k1[A](t)� k2[B ](t)

d

dt
[C ](t) = �

F (t)

V
[C ](t) + k2[B ](t)

d

dt
[D ](t) = �

F (t)

V
[D ](t) +

1

2
k3[A]2(t)

 State variables, x(t)

x(t) =

2

664

[A](t)
[B ](t)
[C ](t)
[D ](t)

3

775 =

2

664

x1(t)
x2(t)
x3(t)
x4(t)

3

775
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Example II (cont.)

d

dt
[A](t) =

F (t)

V

⇣
[A]i (t)� [A](t)

⌘
� k1[A](t)� k3[A]2(t)

d

dt
[B ](t) = �

F (t)

V
[B ](t) + k1[A](t)� k2[B ](t)

d

dt
[C ](t) = �

F (t)

V
[C ](t) + k2[B ](t)

d

dt
[D ](t) = �

F (t)

V
[D ](t) +

1

2
k3[A]2(t)

 Input variables, u(t)

u(t) =


Fi (t)
[A]i (t)

�
=


u1(t)
u2(t)

�
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Example II (cont.)

d

dt
[A](t) =

F (t)

V

⇣
[A]i (t)� [A](t)

⌘
� k1[A](t)� k3[A]2(t)

d

dt
[B ](t) = �

F (t)

V
[B ](t) + k1[A](t)� k2[B ](t)

d

dt
[C ](t) = �

F (t)

V
[C ](t) + k2[B ](t)

d

dt
[D ](t) = �

F (t)

V
[D ](t) +

1

2
k3[A]2(t)

 Parameters, ✓x

✓x =

2

664

k1
k2
k3
V

3

775 =

2

664

✓x ,1
✓x ,2
✓x ,3
✓x ,4

3

775
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Example II (cont.)

d

dt
[A](t) =

F (t)

V

⇣
[A]i (t)� [A](t)

⌘
� k1[A](t)� k3[A]2(t)

d

dt
[B ](t) = �

F (t)

V
[B ](t) + k1[A](t)� k2[B ](t)

d

dt
[C ](t) = �

F (t)

V
[C ](t) + k2[B ](t)

d

dt
[D ](t) = �

F (t)

V
[D ](t) +

1

2
k3[A]2(t)

Using the control notation, we get

dx1(t)

dt
=

u1(t)

✓x ,4

⇣
u2(t)� x1(t)

⌘
� ✓x ,1x1(t)� k3x

2
1 (t)

dx2(t)

dt
= �

u1(t)

✓x ,4
x2(t) + ✓x ,1x1(t)� ✓x ,2x2(t)

dx3(t)

dt
= �

u1(t)

✓x ,4
x3(t) + ✓x ,2x2(t)

dx4(t)

dt
= �

u1(t)

✓x ,4
x4(t) +

1

2
✓x ,3x

2
1 (t)
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Example II (cont.)

dx1(t)

dt
=

u1(t)

✓x ,4

⇣
u2(t)� x1(t)

⌘
� ✓x ,1x1(t)� k3x

2
1 (t)

| {z }
f1(x ,u|✓x )

dx2(t)

dt
= �

u1(t)

✓x ,4
x2(t) + ✓x ,1x1(t)� ✓x ,2x2(t)

| {z }
f2(x ,u|✓x )

dx3(t)

dt
= �

u1(t)

✓x ,4
x3(t) + ✓x ,2x2(t)

| {z }
f3(x ,u|✓x )

dx4(t)

dt
= �

u1(t)

✓x ,4
x4(t) +

1

2
✓x ,3x

2
1 (t)

| {z }
f4(x ,u|✓x )

 ẋ(t) = f (x(t), u(t)|✓x )
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Example II (cont.)

dx1(t)

dt
=

u1(t)

✓x ,4

⇣
u2(t)� x1(t)

⌘
� ✓x ,1x1(t)� k3x

2
1 (t)

dx2(t)

dt
= �

u1(t)

✓x ,4
x2(t) + ✓x ,1x1(t)� ✓x ,2x2(t)

dx3(t)

dt
= �

u1(t)

✓x ,4
x3(t) + ✓x ,2x2(t)

dx4(t)

dt
= �

u1(t)

✓x ,4
x4(t) +

1

2
✓x ,3x

2
1 (t)

Suppose that we are capable of measuring the concentration of B , we then also have

y(t) =
⇥
0 1 0 0

⇤
| {z }

C

2

664

x1(t)
x2(t)
x3(t)
x4(t)

3

775+
⇥
0 0

⇤
| {z }

D


u1(t)
u2(t)

�

| {z }
g(x(t),u(t)|✓x )
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Example II (cont.)

The dynamics are a set of nonlinear equations, the measurement equation is linear

2

664

ẋ1(t)
ẋ2(t)
ẋ3(t)
ẋ4(t)

3

775 =

2

666666666664

u1(t)

✓x ,4
(u2(t)� x1(t))� ✓x ,1x1(t)� k3x2

1 (t)

�
u1(t)

✓x ,4
x2(t) + ✓x ,1x1(t)� ✓x ,2x2(t)

�
u1(t)

✓x ,4
x3(t) + ✓x ,2x2(t)

�
u1(t)

✓x ,4
x4(t) +

1

2
✓x ,3x2

1 (t)

3

777777777775

y(t) =
⇥
0 1 0 0

⇤

2

664

x1(t)
x2(t)
x3(t)
x4(t)

3

775+
⇥
0 0

⇤ u1(t)
u2(t)

�

To be able to proceed with the tools of linear systems theory, we need to linearise

• Approximate nonlinearities with first-order Taylor series expansions

• About some convenient steady-state point, (xSS , uSS )

xSS =
⇥
xSS
1 xSS

2 xSS
2 xSS

2

⇤T
=
⇥
[A]SS [B ]SS [C ]SS [D ]SS

⇤T

uSS =
⇥
uSS
1 uSS

2

⇤T �
⇥
FSS
i [A]SSi

⇤T
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Example II (cont.)

How to determine the steady-state point associated to a desirable operating conditions?

• By simulation, integrate the model until stationarity is reached

• By optimisation, solve f (x , u) = 0 with respect to x and u
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Example II (cont.)

Sometimes, it can also be worked out from the model equations at steady-state (xSS , uSS )

At steady-state all derivative are zero, for component [A] we thus have

d[A](t)

dt
=

FSS
i

V

⇣
[A]SSi � [A](t)

⌘
� k1[A](t)� k3[A]2(t)

= �k3[A]2(t)� [A](t)

 
FSS
i

V
+ k1

!
+

FSS
i

V
[A]SSi

= 0

We get the second-order equation in the variable [A](t),

k3[A]2(t) +

 
FSS
i

V
+ k1

!
[A](t)�

FSS
i

V
[A]i = 0

Second-order equation: ax2 + bx + c = 0 with solutions x1,2 =
� b ±

p
b2 � 4ac

2a
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Example II (cont.)

k3[A]2(t)
| {z }

ax2

+

 
FSS
i

V
+ k1

!
[A](t)

| {z }
bx

�
FSS
i

V
[A]i

| {z }
�c

= 0

The steady-state values for [A], given FSS
i and [A]SSi

[A]SS1,2 =

�
 
k1 +

FSS
i

V

!

2k3
±

vuuuut

 
k1 +

FSS
i

V

!2

+ 4k3
FSS
i

V
[A]SSi

2k3

We need to consider only the root where [A] is positive,

[A]SS =

�
 
k1 +

FSS
i

V

!

2k3
+

vuuuut

 
k1 +

FSS
i

V

!2

+ 4k3
FSS
i

V
[A]SSi

2k3
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Example II (cont.)

Proceeding similarly for component [B ], we can write

d[B ](t)

dt
= �[B ](t)

 
FSS
i

V
+ k2

!
+ k1 [A](t)

| {z }
[A]SS

= 0

We get the first-order equation in [B ](t)

[B ](t)

 
FSS
i

V
+ k2

!
� k1[A]SS = 0

The steady-state value for [B ],

[B ]SS =
k1[A]SS

 
FSS

V
+ k2

!

given FSS
i , [A]SSi , and [A]SS
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Example II (cont.)

Substituting [A]SS , we get

[B ]SS =
k1[A]SS

 
FSS

V
+ k2

!

= k1

0

BBBBBBBBBB@

�
 
k1 +

FSS
i

V

!

2k3
+

vuuuut

 
k1 +

FSS
i

V

!2

+ 4k3
FSS
i

V
[A]SSi

2k3 
FSS

V
+ k2

!

1

CCCCCCCCCCA
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Example II (cont.)

For component [C ], we have

d[C ](t)

dt
= �[C ](t)

 
FSS
i

V

!
+ k2 [B ](t)

| {z }
[B]SS

= 0

We get the equation,  
FSS
i

V

!
[C ](t)� k2[B ]SS = 0

The steady-state value for [C ],

[C ]SS =
k2[B ]SS
 
FSS
i

V

!

given FSS
i , [A]SSi , [A]SS , and [B ]SS
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Example II (cont.)

Substituting [B ]SS , we get

[C ]SS =
k2[B ]SS
 
FSS
i

V

!

= k2

k1

0

BBBBBBBBBB@

�
 
k1 +

FSS
i

V

!

2k3
+

vuuuut

 
k1 +

FSS
i

V

!2

+ 4k3
FSS
i

V
[A]SSi

2k3 
FSS

V
+ k2

!

1

CCCCCCCCCCA

 
FSS
i

V

!
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Example II (cont.)

Finally, for component [D ] we have

d[D ](t)

dt
= �[D ](t)

 
FSS
i

V

!
+

1

2
k3 [A]2(t)
| {z }
([A]SS )2

= 0

We get the equation,  
FSS
i

V

!
[D ](t)�

1

2
k3([A]SS )2 = 0

The steady-state value for [D ],

[D ]SS =

1

2
k3([A]SS )2

 
FSS
i

V

!

given FSS
i , [A]SSi , [A]SS , and [B ]SS
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Example II (cont.)

Substituting [A]SS , we get

[D ]SS =
1

2
k3

0

BBBBB@

�
 
k1 +

FSS
i

V

!

2k3
+

vuuuut

 
k1 +

FSS
i

V

!2

+ 4k3
FSS
i

V
[A]SSi

2k3

1

CCCCCA

2

 
FSS
i

V

!
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Example II (cont.)

[A]SS

1 2 3 4

Fi
SS/V

8

9

10

11

12

[A
] iSS

1

2

3

4

5

6

7
[B]SS

1 2 3 4

Fi
SS/V

8

9

10

11

12

[A
] iSS

0.2

0.4

0.6

0.8

1

1.2

[C]SS

1 2 3 4

Fi
SS/V

8

9

10

11

12

[A
] iSS

2

4

6

8

10

12
[D]SS

1 2 3 4

Fi
SS/V

8

9

10

11

12

[A
] iSS

0.5

1

1.5
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Example II (cont.)

Where would you operate the reactor if told that the feed composition is [A]SSi = 10?

0 1 2 3 4

Fi
SS/V

0

0.5

1

1.5

[B
]SS

[A]i
SS = 10

[B]SS

1 2 3 4

Fi
SS/V

8

9

10

11

12

[A
] iSS

0.2

0.4

0.6

0.8

1

1.2
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Example II (cont.)

Fi

Fo

[A]

[B]

V

[C]
[D]

[A]i
<latexit sha1_base64="eALhfsTVQIv150wN7slZcgBtUI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv53Zugz/vVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx9v7o5t</latexit><latexit sha1_base64="eALhfsTVQIv150wN7slZcgBtUI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv53Zugz/vVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx9v7o5t</latexit><latexit sha1_base64="eALhfsTVQIv150wN7slZcgBtUI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv53Zugz/vVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx9v7o5t</latexit><latexit sha1_base64="eALhfsTVQIv150wN7slZcgBtUI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv53Zugz/vVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx9v7o5t</latexit>

[B]i
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[C]i
<latexit sha1_base64="ygr5GM/dmEQgUHSyp7wGBt62x60=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST5tzvPHFtRKIecZryIKYjJSLBKFrJ7zWDgRhUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFtkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XGXRFHGc7gHC7BgxtowD20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w9y/I5v</latexit><latexit sha1_base64="ygr5GM/dmEQgUHSyp7wGBt62x60=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST5tzvPHFtRKIecZryIKYjJSLBKFrJ7zWDgRhUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFtkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XGXRFHGc7gHC7BgxtowD20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w9y/I5v</latexit><latexit sha1_base64="ygr5GM/dmEQgUHSyp7wGBt62x60=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST5tzvPHFtRKIecZryIKYjJSLBKFrJ7zWDgRhUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFtkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XGXRFHGc7gHC7BgxtowD20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w9y/I5v</latexit><latexit sha1_base64="ygr5GM/dmEQgUHSyp7wGBt62x60=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST5tzvPHFtRKIecZryIKYjJSLBKFrJ7zWDgRhUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFtkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XGXRFHGc7gHC7BgxtowD20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w9y/I5v</latexit>

[D]i
<latexit sha1_base64="63KSdNIASaMPVCm2HinLwF5Zvcs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzkd++CPu9Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8AdIOOcA==</latexit><latexit sha1_base64="63KSdNIASaMPVCm2HinLwF5Zvcs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzkd++CPu9Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8AdIOOcA==</latexit><latexit sha1_base64="63KSdNIASaMPVCm2HinLwF5Zvcs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzkd++CPu9Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8AdIOOcA==</latexit><latexit sha1_base64="63KSdNIASaMPVCm2HinLwF5Zvcs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzkd++CPu9Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8AdIOOcA==</latexit>

We could define desirable operating conditions

uSS =

2

664

FSS
i

V
=

4

7
min�1

[A]SSi = 10 mol l�1

3

775 =


FSS
i

[A]SSi

�

 

uSS
1

uSS
2

�

Then, determine the corresponding fixed point

xSS =

2

664

3.0000 mol lt�1

1.1170 mol lt�1

3.2580 mol lt�1

1.3125 mol lt�1

3

775 =

2

664

[A]SS

[B ]SS

[C ]SS

[D ]SS

3

775

 
⇥
xSS
1 xSS

2 xSS
2 xSS

2

⇤T

Note that we replaced the first input variable (the feed flow-rate, Fi (t))

• We will use the space-velocity Fi (t)/V , instead

• No di↵erence, as the volume V is constant
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Example II (cont.)

Given a steady-state point ((xSS
1 , xSS

2 , xSS
3 , xSS

4 ), (uSS
1 , uSS

2 )), we linearise the model

We start by defining the deviation variables, for both state- and input variables

• For the state variables, we have

x 0(t) =

2

664

x1(t)� xSS
1

x2(t)� xSS
2

x3(t)� xSS
3

x4(t)� xSS
4

3

775 =

2

664

[A](t)� [A]SS

[B ](t)� [B ]SS

[C ](t)� [C ]SS

[D ](t)� [D ]SS

3

775

• For the input variables, we have

u0(t) =


u1(t)� uSS

1
u2(t)� uSS

2

�
=


Fi (t)/V � FSS

i /V
[A]i (t)� [A]SSi

�

Then proceed by computing the Jacobians of dynamics at steady-state (xSS , uSS )

 State matrix A and input matrix B

 ẋ 0(t) = Ax 0(t) + Bu 0(t)
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Example II (cont.)

2

664

ẋ1(t)
ẋ2(t)
ẋ3(t)
ẋ4(t)

3

775 =

2

6666666666666664

u1(t) (u2(t)� x1(t))� ✓x ,1x1(t)� ✓x ,3x
2
1 (t)| {z }

f1
�u1(t)x2(t) + ✓x ,1x1(t)� ✓x ,2x2(t)| {z }

f2
�u1(t)x3(t) + ✓x ,2x2(t)| {z }

f3

�u1(t)x4(t) +
1

2
✓x ,3x

2
1 (t)

| {z }
f4

3

7777777777777775

 A =
2

66666666664

@f1

@x1

@f1

@x2

@f1

@x3

@f1

@x4
@f2

@x1

@f2

@x2

@f2

@x3

@f2

@x4
@f3

@x1

@f3

@x2

@f3

@x3

@f3

@x4
@f4

@x1

@f4

@x2

@f4

@x3

@f4

@x4

3

77777777775

SS

=

2

664

�u1 � ✓x ,1 � 2✓x ,3x1 0 0 0
✓x ,1 �u1 � ✓x ,2 0 0
0 ✓x ,2 �u1 0

✓x ,3x1 0 0 �u1

3

775

SS
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Example II (cont.)
We get,

A =

2

664

�u1 � ✓x ,1 � 2✓x ,3x1 0 0 0
✓x ,1 �u1 � ✓x ,2 0 0
0 ✓x ,2 �u1 0

✓x ,3x1 0 0 �u1

3

775

SS

=

2

664

�uSS
1 � ✓x ,1 � 2✓x ,3xSS

1 0 0 0
✓x ,1 �uSS

1 � ✓x ,2 0 0
0 ✓x ,2 �uSS

1 0
✓x ,3xSS

1 0 0 �uSS
1

3

775

=

2

664

�(4/7)� (5/6)� 2⇥ (1/6)⇥ 3 0 0 0
(5/6) �(4/7)� (5/3) 0 0
0 (5/3) (�4/7) 0

(1/6)⇥ 3 0 0 �(4/7)

3

775

We used ✓x =
⇥
✓x ,1 ✓x ,2 ✓x ,3

⇤T
=
⇥
k1 k2 k3

⇤T
=
⇥
(5/6) (5/3) (1/6)

⇤T
and

xSS =

2

664

xSS
1
xSS
2
xSS
3
xSS
4

3

775 =

2

664

[A]SS

[B ]SS

[C ]SS

[D ]SS

3

775 =

2

664

3.0000
1.1170
3.2580
1.3125

3

775

uSS =


uSS
1

uSS
2

�
=


FSS
i /V
[A]SSi

�
=


4/7
10

�
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Example II (cont.)

2

664

ẋ1(t)
ẋ2(t)
ẋ3(t)
ẋ4(t)

3

775 =

2

6666666666666664

u1(t) (u2(t)� x1(t))� ✓x ,1x1(t)� ✓x ,3x
2
1 (t)| {z }

f1
�u1(t)x2(t) + ✓x ,1x1(t)� ✓x ,2x2(t)| {z }

f2
�u1(t)x3(t) + ✓x ,2x2(t)| {z }

f3

�u1(t)x4(t) +
1

2
✓x ,3x

2
1 (t)

| {z }
f4

3

7777777777777775

 B =

2

66666666664

@f1

@u1

@f1

@u2
@f2

@u1

@f2

@u2
@f3

@u1

@f3

@u2
@f4

@u1

@f4

@u2

3

77777777775

SS

=

2

664

u2 � x1 u1
�x2 0
�x3 0
�x4 0

3

775

SS
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Example II (cont.)
We get,

B =

2

664

u2 � x1 u1
�x2 0
�x3 0
�x4 0

3

775

SS

=

2

664

uSS
2 � xSS

1 uSS
1

�xSS
2 0

�xSS
3 0

�xSS
4 0

3

775

=

2

664

10� 3 (4/7)
�1.1170 0
�3.2580 0
�1.3125 0

3

775

We used,

xSS =

2

664

xSS
1
xSS
2
xSS
3
xSS
4

3

775 =

2

664

[A]SS

[B ]SS

[C ]SS

[D ]SS

3

775 =

2

664

3.0000
1.1170
3.2580
1.3125

3

775

uSS =


uSS
1

uSS
2

�
=


FSS
i /V
[A]SSi

�
=


4/7
10

�

⌅


