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Predicting Fire Growth
• To engineer safer:
– Buildings
– Products
–Materials

• Accurate 
predictions require 
condensed phase 
pyrolysis models
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Condensed Phase Challenges
• Physics
– Multiphase
– Mechanical 

deformation
• Numerics
– Gas phase 

coupling
– Multiscale
– Moving boundary

• Materials
– Many parameters
– Many materials
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How Many Parameters?
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At least ~6N 
material property 
parameters need to 
be quantified

Neglecting
• Radiation
• Mass transport
• Charring
• Temperature 

dependence
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How many materials?
• NFIRS categorizes 38 distinct “types” of solid 

materials “First Ignited” 
• These “types” are extremely broad categories 

such as “Plastic”, “Rubber”, and “Plywood” 
• For example, Lyon and Janssens (2005) contains 

data on 50 common plastics
• Additional diversity due to processing variability, 

additives, blends, ageing, etc.
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On the order of 103 distinct materials relevant to 
fire growth predictions
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(101 Parameters) × (103 Materials) 
 = 104 Properties for reliable fire growth predictions

A Material Property Database is needed



Material Property Database
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• See previous 
presentation…

• Adopting “Hierarchical” 
approach

• Critical components
1. Standard formatting
2. Standard metadata
3. Calibration tools



Quality of calibration tools is ultimately determined in 
model validation—do the parameters predict fire growth?
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Global Approach

Hierarchical Approach

Ai, Ei, ci, ki,�hi, ⇢0,i
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Fire Model
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ci,�hi
<latexit sha1_base64="Zisr0KUx8zGXXcx3g1GV4KA87e0=">AAACKXicbVC7SgNBFJ31GeMrainCYBAsJOxKQMuAFpYRzAOSsMzO3iRDZh/M3BXCspVfI3b6JXZq6zfYO9mkMIkHBg7nvs4cL5ZCo21/Wiura+sbm4Wt4vbO7t5+6eCwqaNEcWjwSEaq7TENUoTQQIES2rECFngSWt7oZlJvPYLSIgofcBxDL2CDUPQFZ2gkt3SSdvMlqQI/o9wVF7R7CxIZHboic0tlu2LnoMvEmZEymaHuln66fsSTAELkkmndcewYeylTKLiErNhNNMSMj9gAOoaGLADdS3MHGT0zik/7kTIvRJqrfydSFmg9DjzTGTAc6sXaRPy35gVzl1MU5uyCGexf91IRxglCyKde+omkGNFJbNQXCjjKsSGMK2G+Q/mQKcbRhFs0OTmLqSyT5mXFsSvOfbVcq84SK5BjckrOiUOuSI3ckTppEE6eyDN5JW/Wi/VufVhf09YVazZzROZgff8CWMKnQw==</latexit><latexit sha1_base64="Zisr0KUx8zGXXcx3g1GV4KA87e0=">AAACKXicbVC7SgNBFJ31GeMrainCYBAsJOxKQMuAFpYRzAOSsMzO3iRDZh/M3BXCspVfI3b6JXZq6zfYO9mkMIkHBg7nvs4cL5ZCo21/Wiura+sbm4Wt4vbO7t5+6eCwqaNEcWjwSEaq7TENUoTQQIES2rECFngSWt7oZlJvPYLSIgofcBxDL2CDUPQFZ2gkt3SSdvMlqQI/o9wVF7R7CxIZHboic0tlu2LnoMvEmZEymaHuln66fsSTAELkkmndcewYeylTKLiErNhNNMSMj9gAOoaGLADdS3MHGT0zik/7kTIvRJqrfydSFmg9DjzTGTAc6sXaRPy35gVzl1MU5uyCGexf91IRxglCyKde+omkGNFJbNQXCjjKsSGMK2G+Q/mQKcbRhFs0OTmLqSyT5mXFsSvOfbVcq84SK5BjckrOiUOuSI3ckTppEE6eyDN5JW/Wi/VufVhf09YVazZzROZgff8CWMKnQw==</latexit><latexit sha1_base64="Zisr0KUx8zGXXcx3g1GV4KA87e0=">AAACKXicbVC7SgNBFJ31GeMrainCYBAsJOxKQMuAFpYRzAOSsMzO3iRDZh/M3BXCspVfI3b6JXZq6zfYO9mkMIkHBg7nvs4cL5ZCo21/Wiura+sbm4Wt4vbO7t5+6eCwqaNEcWjwSEaq7TENUoTQQIES2rECFngSWt7oZlJvPYLSIgofcBxDL2CDUPQFZ2gkt3SSdvMlqQI/o9wVF7R7CxIZHboic0tlu2LnoMvEmZEymaHuln66fsSTAELkkmndcewYeylTKLiErNhNNMSMj9gAOoaGLADdS3MHGT0zik/7kTIvRJqrfydSFmg9DjzTGTAc6sXaRPy35gVzl1MU5uyCGexf91IRxglCyKde+omkGNFJbNQXCjjKsSGMK2G+Q/mQKcbRhFs0OTmLqSyT5mXFsSvOfbVcq84SK5BjckrOiUOuSI3ckTppEE6eyDN5JW/Wi/VufVhf09YVazZzROZgff8CWMKnQw==</latexit><latexit sha1_base64="Zisr0KUx8zGXXcx3g1GV4KA87e0=">AAACKXicbVC7SgNBFJ31GeMrainCYBAsJOxKQMuAFpYRzAOSsMzO3iRDZh/M3BXCspVfI3b6JXZq6zfYO9mkMIkHBg7nvs4cL5ZCo21/Wiura+sbm4Wt4vbO7t5+6eCwqaNEcWjwSEaq7TENUoTQQIES2rECFngSWt7oZlJvPYLSIgofcBxDL2CDUPQFZ2gkt3SSdvMlqQI/o9wVF7R7CxIZHboic0tlu2LnoMvEmZEymaHuln66fsSTAELkkmndcewYeylTKLiErNhNNMSMj9gAOoaGLADdS3MHGT0zik/7kTIvRJqrfydSFmg9DjzTGTAc6sXaRPy35gVzl1MU5uyCGexf91IRxglCyKde+omkGNFJbNQXCjjKsSGMK2G+Q/mQKcbRhFs0OTmLqSyT5mXFsSvOfbVcq84SK5BjckrOiUOuSI3ckTppEE6eyDN5JW/Wi/VufVhf09YVazZzROZgff8CWMKnQw==</latexit>

�hc,i
<latexit sha1_base64="XXR9KMl9AHQm6yQ2shjTJpz0Y5I=">AAACMnicbVDLSgMxFM34rPVVdekmWBQXUmZEsMuCLlwq2FbolJJJb9vQZGZI7gglzB/4NeJOf0R34tate9Paha0eCBzOfZ2cKJXCoO+/eguLS8srq4W14vrG5tZ2aWe3YZJMc6jzRCb6LmIGpIihjgIl3KUamIokNKPhxbjevAdtRBLf4iiFtmL9WPQEZ+ikTunIhpMlVkM3p+ElSGR00LGhYjjQyvL8ROQ075TKfsWfgP4lwZSUyRTXndJX2E14piBGLpkxrcBPsW2ZRsEl5MUwM5AyPmR9aDkaMwWmbSdWcnrolC7tJdq9GOlE/T1hmTJmpCLXObZp5mtj8d9apGYuWxTu7JwZ7FXbVsRphhDzHy+9TFJM6Dg/2hUaOMqRI4xr4b5D+YBpxtGlXHQ5BfOp/CWN00rgV4Kbs3KtOk2sQPbJATkmATknNXJFrkmdcPJAHskzefGevDfv3fv4aV3wpjN7ZAbe5zfWRquu</latexit><latexit sha1_base64="XXR9KMl9AHQm6yQ2shjTJpz0Y5I=">AAACMnicbVDLSgMxFM34rPVVdekmWBQXUmZEsMuCLlwq2FbolJJJb9vQZGZI7gglzB/4NeJOf0R34tate9Paha0eCBzOfZ2cKJXCoO+/eguLS8srq4W14vrG5tZ2aWe3YZJMc6jzRCb6LmIGpIihjgIl3KUamIokNKPhxbjevAdtRBLf4iiFtmL9WPQEZ+ikTunIhpMlVkM3p+ElSGR00LGhYjjQyvL8ROQ075TKfsWfgP4lwZSUyRTXndJX2E14piBGLpkxrcBPsW2ZRsEl5MUwM5AyPmR9aDkaMwWmbSdWcnrolC7tJdq9GOlE/T1hmTJmpCLXObZp5mtj8d9apGYuWxTu7JwZ7FXbVsRphhDzHy+9TFJM6Dg/2hUaOMqRI4xr4b5D+YBpxtGlXHQ5BfOp/CWN00rgV4Kbs3KtOk2sQPbJATkmATknNXJFrkmdcPJAHskzefGevDfv3fv4aV3wpjN7ZAbe5zfWRquu</latexit><latexit sha1_base64="XXR9KMl9AHQm6yQ2shjTJpz0Y5I=">AAACMnicbVDLSgMxFM34rPVVdekmWBQXUmZEsMuCLlwq2FbolJJJb9vQZGZI7gglzB/4NeJOf0R34tate9Paha0eCBzOfZ2cKJXCoO+/eguLS8srq4W14vrG5tZ2aWe3YZJMc6jzRCb6LmIGpIihjgIl3KUamIokNKPhxbjevAdtRBLf4iiFtmL9WPQEZ+ikTunIhpMlVkM3p+ElSGR00LGhYjjQyvL8ROQ075TKfsWfgP4lwZSUyRTXndJX2E14piBGLpkxrcBPsW2ZRsEl5MUwM5AyPmR9aDkaMwWmbSdWcnrolC7tJdq9GOlE/T1hmTJmpCLXObZp5mtj8d9apGYuWxTu7JwZ7FXbVsRphhDzHy+9TFJM6Dg/2hUaOMqRI4xr4b5D+YBpxtGlXHQ5BfOp/CWN00rgV4Kbs3KtOk2sQPbJATkmATknNXJFrkmdcPJAHskzefGevDfv3fv4aV3wpjN7ZAbe5zfWRquu</latexit><latexit sha1_base64="XXR9KMl9AHQm6yQ2shjTJpz0Y5I=">AAACMnicbVDLSgMxFM34rPVVdekmWBQXUmZEsMuCLlwq2FbolJJJb9vQZGZI7gglzB/4NeJOf0R34tate9Paha0eCBzOfZ2cKJXCoO+/eguLS8srq4W14vrG5tZ2aWe3YZJMc6jzRCb6LmIGpIihjgIl3KUamIokNKPhxbjevAdtRBLf4iiFtmL9WPQEZ+ikTunIhpMlVkM3p+ElSGR00LGhYjjQyvL8ROQ075TKfsWfgP4lwZSUyRTXndJX2E14piBGLpkxrcBPsW2ZRsEl5MUwM5AyPmR9aDkaMwWmbSdWcnrolC7tJdq9GOlE/T1hmTJmpCLXObZp5mtj8d9apGYuWxTu7JwZ7FXbVsRphhDzHy+9TFJM6Dg/2hUaOMqRI4xr4b5D+YBpxtGlXHQ5BfOp/CWN00rgV4Kbs3KtOk2sQPbJATkmATknNXJFrkmdcPJAHskzefGevDfv3fv4aV3wpjN7ZAbe5zfWRquu</latexit>

Micro Combustion Calorimeter

Thermogravimetric Analysis

Differential Scanning Calorimetry

ki
<latexit sha1_base64="doNUuWRvxZwCQGWYVpS4IPACWN8=">AAACHXicbVDLSsNAFJ3UV62vVJduBovgqiQi6LLgxmUF+4A2hMnkph06k4SZiVJCPkXc6Ze4E7fih7h3mnZhWw8MHM59nDsnSDlT2nG+rcrG5tb2TnW3trd/cHhk14+7KskkhQ5NeCL7AVHAWQwdzTSHfiqBiIBDL5jczuq9R5CKJfGDnqbgCTKKWcQo0Uby7Xo+LJfkEsICT3xW+HbDaTol8DpxF6SBFmj79s8wTGgmINaUE6UGrpNqLydSM8qhqA0zBSmhEzKCgaExEaC8vHQt8LlRQhwl0rxY41L9O5ETodRUBKZTED1Wq7WZ+G8tEEvOuWbGduUYHd14OYvTTENM57dEGcc6wbOocMgkUM2nhhAqmfkOpmMiCdUm0JrJyV1NZZ10L5uu03Tvrxqtq0ViVXSKztAFctE1aqE71EYdRNETekav6M16sd6tD+tz3lqxFjMnaAnW1y/W3aLx</latexit><latexit sha1_base64="doNUuWRvxZwCQGWYVpS4IPACWN8=">AAACHXicbVDLSsNAFJ3UV62vVJduBovgqiQi6LLgxmUF+4A2hMnkph06k4SZiVJCPkXc6Ze4E7fih7h3mnZhWw8MHM59nDsnSDlT2nG+rcrG5tb2TnW3trd/cHhk14+7KskkhQ5NeCL7AVHAWQwdzTSHfiqBiIBDL5jczuq9R5CKJfGDnqbgCTKKWcQo0Uby7Xo+LJfkEsICT3xW+HbDaTol8DpxF6SBFmj79s8wTGgmINaUE6UGrpNqLydSM8qhqA0zBSmhEzKCgaExEaC8vHQt8LlRQhwl0rxY41L9O5ETodRUBKZTED1Wq7WZ+G8tEEvOuWbGduUYHd14OYvTTENM57dEGcc6wbOocMgkUM2nhhAqmfkOpmMiCdUm0JrJyV1NZZ10L5uu03Tvrxqtq0ViVXSKztAFctE1aqE71EYdRNETekav6M16sd6tD+tz3lqxFjMnaAnW1y/W3aLx</latexit><latexit sha1_base64="doNUuWRvxZwCQGWYVpS4IPACWN8=">AAACHXicbVDLSsNAFJ3UV62vVJduBovgqiQi6LLgxmUF+4A2hMnkph06k4SZiVJCPkXc6Ze4E7fih7h3mnZhWw8MHM59nDsnSDlT2nG+rcrG5tb2TnW3trd/cHhk14+7KskkhQ5NeCL7AVHAWQwdzTSHfiqBiIBDL5jczuq9R5CKJfGDnqbgCTKKWcQo0Uby7Xo+LJfkEsICT3xW+HbDaTol8DpxF6SBFmj79s8wTGgmINaUE6UGrpNqLydSM8qhqA0zBSmhEzKCgaExEaC8vHQt8LlRQhwl0rxY41L9O5ETodRUBKZTED1Wq7WZ+G8tEEvOuWbGduUYHd14OYvTTENM57dEGcc6wbOocMgkUM2nhhAqmfkOpmMiCdUm0JrJyV1NZZ10L5uu03Tvrxqtq0ViVXSKztAFctE1aqE71EYdRNETekav6M16sd6tD+tz3lqxFjMnaAnW1y/W3aLx</latexit><latexit sha1_base64="doNUuWRvxZwCQGWYVpS4IPACWN8=">AAACHXicbVDLSsNAFJ3UV62vVJduBovgqiQi6LLgxmUF+4A2hMnkph06k4SZiVJCPkXc6Ze4E7fih7h3mnZhWw8MHM59nDsnSDlT2nG+rcrG5tb2TnW3trd/cHhk14+7KskkhQ5NeCL7AVHAWQwdzTSHfiqBiIBDL5jczuq9R5CKJfGDnqbgCTKKWcQo0Uby7Xo+LJfkEsICT3xW+HbDaTol8DpxF6SBFmj79s8wTGgmINaUE6UGrpNqLydSM8qhqA0zBSmhEzKCgaExEaC8vHQt8LlRQhwl0rxY41L9O5ETodRUBKZTED1Wq7WZ+G8tEEvOuWbGduUYHd14OYvTTENM57dEGcc6wbOocMgkUM2nhhAqmfkOpmMiCdUm0JrJyV1NZZ10L5uu03Tvrxqtq0ViVXSKztAFctE1aqE71EYdRNETekav6M16sd6tD+tz3lqxFjMnaAnW1y/W3aLx</latexit>

Controlled Atmosphere Pyrolysis



Analysis of TGA Data
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Ai, Ei, ⇢0,i
<latexit sha1_base64="r8FsX7jHr2GrhD+Exr5fbsaTZbM=">AAACLnicbVBNS8MwGE79nPOr6tFL2BA8jNHKQI8TETxOcB+wlpKm2RaWtCVJhVF699eIN/0lggfx6h/wbtr14DZfSHh4nvfN++TxY0alsqwPY219Y3Nru7JT3d3bPzg0j457MkoEJl0csUgMfCQJoyHpKqoYGcSCIO4z0venN7nefyRC0ih8ULOYuByNQzqiGClNeWYtdYpHUkGCDF57tAFv88sRk8hLrQbNMs+sW02rKLgK7BLUQVkdz/xxgggnnIQKMyTl0LZi5aZIKIoZyapOIkmM8BSNyVDDEHEi3bSwkcEzzQRwFAl9QgUL9u9EiriUM+7rTo7URC5rOfmv5vOFzamieu2SGTW6clMaxokiIZ57GSUMqgjm2cGACoIVm2mAsKD6OxBPkEBY6YSrOid7OZVV0Lto2lbTvm/V260ysQo4BTVwDmxwCdrgDnRAF2DwBJ7BK3gzXox349P4mreuGeXMCVgo4/sXj2So1w==</latexit><latexit sha1_base64="r8FsX7jHr2GrhD+Exr5fbsaTZbM=">AAACLnicbVBNS8MwGE79nPOr6tFL2BA8jNHKQI8TETxOcB+wlpKm2RaWtCVJhVF699eIN/0lggfx6h/wbtr14DZfSHh4nvfN++TxY0alsqwPY219Y3Nru7JT3d3bPzg0j457MkoEJl0csUgMfCQJoyHpKqoYGcSCIO4z0venN7nefyRC0ih8ULOYuByNQzqiGClNeWYtdYpHUkGCDF57tAFv88sRk8hLrQbNMs+sW02rKLgK7BLUQVkdz/xxgggnnIQKMyTl0LZi5aZIKIoZyapOIkmM8BSNyVDDEHEi3bSwkcEzzQRwFAl9QgUL9u9EiriUM+7rTo7URC5rOfmv5vOFzamieu2SGTW6clMaxokiIZ57GSUMqgjm2cGACoIVm2mAsKD6OxBPkEBY6YSrOid7OZVV0Lto2lbTvm/V260ysQo4BTVwDmxwCdrgDnRAF2DwBJ7BK3gzXox349P4mreuGeXMCVgo4/sXj2So1w==</latexit><latexit sha1_base64="r8FsX7jHr2GrhD+Exr5fbsaTZbM=">AAACLnicbVBNS8MwGE79nPOr6tFL2BA8jNHKQI8TETxOcB+wlpKm2RaWtCVJhVF699eIN/0lggfx6h/wbtr14DZfSHh4nvfN++TxY0alsqwPY219Y3Nru7JT3d3bPzg0j457MkoEJl0csUgMfCQJoyHpKqoYGcSCIO4z0venN7nefyRC0ih8ULOYuByNQzqiGClNeWYtdYpHUkGCDF57tAFv88sRk8hLrQbNMs+sW02rKLgK7BLUQVkdz/xxgggnnIQKMyTl0LZi5aZIKIoZyapOIkmM8BSNyVDDEHEi3bSwkcEzzQRwFAl9QgUL9u9EiriUM+7rTo7URC5rOfmv5vOFzamieu2SGTW6clMaxokiIZ57GSUMqgjm2cGACoIVm2mAsKD6OxBPkEBY6YSrOid7OZVV0Lto2lbTvm/V260ysQo4BTVwDmxwCdrgDnRAF2DwBJ7BK3gzXox349P4mreuGeXMCVgo4/sXj2So1w==</latexit><latexit sha1_base64="r8FsX7jHr2GrhD+Exr5fbsaTZbM=">AAACLnicbVBNS8MwGE79nPOr6tFL2BA8jNHKQI8TETxOcB+wlpKm2RaWtCVJhVF699eIN/0lggfx6h/wbtr14DZfSHh4nvfN++TxY0alsqwPY219Y3Nru7JT3d3bPzg0j457MkoEJl0csUgMfCQJoyHpKqoYGcSCIO4z0venN7nefyRC0ih8ULOYuByNQzqiGClNeWYtdYpHUkGCDF57tAFv88sRk8hLrQbNMs+sW02rKLgK7BLUQVkdz/xxgggnnIQKMyTl0LZi5aZIKIoZyapOIkmM8BSNyVDDEHEi3bSwkcEzzQRwFAl9QgUL9u9EiriUM+7rTo7URC5rOfmv5vOFzamieu2SGTW6clMaxokiIZ57GSUMqgjm2cGACoIVm2mAsKD6OxBPkEBY6YSrOid7OZVV0Lto2lbTvm/V260ysQo4BTVwDmxwCdrgDnRAF2DwBJ7BK3gzXox349P4mreuGeXMCVgo4/sXj2So1w==</latexit>

Mass

Temperature

How should we estimate pyrolysis kinetic parameters 
from raw TGA data?



Method Requirements
1. Parameters predict data à Accurate
2. Many different materials à Efficient
3. Many different behaviorsà Robust
4. Parameters do not vary à Consistent
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How to be Consistent

1. No free parameters
2. No random numbers
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“With four parameters I can fit an 
elephant, and with five I can make 
him wiggle his trunk.”
   ~John von Neumann

For given data, the 
method should always 
produce the same 
parameters



Pyrolysis Model:  Independent 
First-Order Reactions
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Reactant
k��! ⌫Char + (1� ⌫)Gas

<latexit sha1_base64="P6Tj5eQYt5wiKIfhjXt6aDSbDow="></latexit><latexit sha1_base64="P6Tj5eQYt5wiKIfhjXt6aDSbDow="></latexit><latexit sha1_base64="P6Tj5eQYt5wiKIfhjXt6aDSbDow="></latexit><latexit sha1_base64="P6Tj5eQYt5wiKIfhjXt6aDSbDow="></latexit>

k =

✓
A

�

◆
exp

✓
� E

RT

◆

<latexit sha1_base64="GWlsTLTaA1ieGsp/FvDgNbQXKt0="></latexit><latexit sha1_base64="GWlsTLTaA1ieGsp/FvDgNbQXKt0="></latexit><latexit sha1_base64="GWlsTLTaA1ieGsp/FvDgNbQXKt0="></latexit><latexit sha1_base64="GWlsTLTaA1ieGsp/FvDgNbQXKt0="></latexit>

m0 ⌘ dm

dT
= � (1� ⌫) km, m (T0) = m0

<latexit sha1_base64="SsF1ZWp1Hg6K3mOw42Pm7LhK4j0="></latexit><latexit sha1_base64="SsF1ZWp1Hg6K3mOw42Pm7LhK4j0="></latexit><latexit sha1_base64="SsF1ZWp1Hg6K3mOw42Pm7LhK4j0="></latexit><latexit sha1_base64="SsF1ZWp1Hg6K3mOw42Pm7LhK4j0="></latexit>

Appropriateness to be determined by ability to 
predict fire growth.
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Mass

Mass
Loss
Rate

Temperature
Tp

<latexit sha1_base64="2GO5/ZgFCkOWn/lHLkRgifIX4l0=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4KjMi6LLgxmWFvqAdSybNtKFJZkjuCGWY/xB3+iXuxK07P8S9mXYWtvVA4HDOvdyTE8SCG3Ddb6e0sbm1vVPereztHxweVY9POiZKNGVtGolI9wJimOCKtYGDYL1YMyIDwbrB9C73u09MGx6pFsxi5ksyVjzklICVHlvDdCAJTLRM4ywbVmtu3Z0DrxOvIDVUoDms/gxGEU0kU0AFMabvuTH4KdHAqWBZZZAYFhM6JWPWt1QRyYyfzlNn+MIqIxxG2j4FeK7+3UiJNGYmAzuZRzSrXi7+6wVy6XIK3J5dCQPhrZ9yFSfAFF1kCROBIcJ5S3jENaMgZpYQqrn9DqYTogkF22XF9uSttrJOOld1z617D9e1xnXRWBmdoXN0iTx0gxroHjVRG1Gk0TN6RW/Oi/PufDifi9GSU+ycoiU4X78ujKGh</latexit><latexit sha1_base64="2GO5/ZgFCkOWn/lHLkRgifIX4l0=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4KjMi6LLgxmWFvqAdSybNtKFJZkjuCGWY/xB3+iXuxK07P8S9mXYWtvVA4HDOvdyTE8SCG3Ddb6e0sbm1vVPereztHxweVY9POiZKNGVtGolI9wJimOCKtYGDYL1YMyIDwbrB9C73u09MGx6pFsxi5ksyVjzklICVHlvDdCAJTLRM4ywbVmtu3Z0DrxOvIDVUoDms/gxGEU0kU0AFMabvuTH4KdHAqWBZZZAYFhM6JWPWt1QRyYyfzlNn+MIqIxxG2j4FeK7+3UiJNGYmAzuZRzSrXi7+6wVy6XIK3J5dCQPhrZ9yFSfAFF1kCROBIcJ5S3jENaMgZpYQqrn9DqYTogkF22XF9uSttrJOOld1z617D9e1xnXRWBmdoXN0iTx0gxroHjVRG1Gk0TN6RW/Oi/PufDifi9GSU+ycoiU4X78ujKGh</latexit><latexit sha1_base64="2GO5/ZgFCkOWn/lHLkRgifIX4l0=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4KjMi6LLgxmWFvqAdSybNtKFJZkjuCGWY/xB3+iXuxK07P8S9mXYWtvVA4HDOvdyTE8SCG3Ddb6e0sbm1vVPereztHxweVY9POiZKNGVtGolI9wJimOCKtYGDYL1YMyIDwbrB9C73u09MGx6pFsxi5ksyVjzklICVHlvDdCAJTLRM4ywbVmtu3Z0DrxOvIDVUoDms/gxGEU0kU0AFMabvuTH4KdHAqWBZZZAYFhM6JWPWt1QRyYyfzlNn+MIqIxxG2j4FeK7+3UiJNGYmAzuZRzSrXi7+6wVy6XIK3J5dCQPhrZ9yFSfAFF1kCROBIcJ5S3jENaMgZpYQqrn9DqYTogkF22XF9uSttrJOOld1z617D9e1xnXRWBmdoXN0iTx0gxroHjVRG1Gk0TN6RW/Oi/PufDifi9GSU+ycoiU4X78ujKGh</latexit><latexit sha1_base64="2GO5/ZgFCkOWn/lHLkRgifIX4l0=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4KjMi6LLgxmWFvqAdSybNtKFJZkjuCGWY/xB3+iXuxK07P8S9mXYWtvVA4HDOvdyTE8SCG3Ddb6e0sbm1vVPereztHxweVY9POiZKNGVtGolI9wJimOCKtYGDYL1YMyIDwbrB9C73u09MGx6pFsxi5ksyVjzklICVHlvDdCAJTLRM4ywbVmtu3Z0DrxOvIDVUoDms/gxGEU0kU0AFMabvuTH4KdHAqWBZZZAYFhM6JWPWt1QRyYyfzlNn+MIqIxxG2j4FeK7+3UiJNGYmAzuZRzSrXi7+6wVy6XIK3J5dCQPhrZ9yFSfAFF1kCROBIcJ5S3jENaMgZpYQqrn9DqYTogkF22XF9uSttrJOOld1z617D9e1xnXRWBmdoXN0iTx0gxroHjVRG1Gk0TN6RW/Oi/PufDifi9GSU+ycoiU4X78ujKGh</latexit>

mp
<latexit sha1_base64="Z7HCIgFqFIoN2iMC/tiaJKZD4Nc=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4KjNS0GXBjcsK9gHtWDJppg1NMkNyRyjD/Ie40y9xJ27d+SHuzbSzsK0HAodz7uWenCAW3IDrfjuljc2t7Z3ybmVv/+DwqHp80jFRoilr00hEuhcQwwRXrA0cBOvFmhEZCNYNpre5331i2vBIPcAsZr4kY8VDTglY6VEO04EkMNEyjbNsWK25dXcOvE68gtRQgdaw+jMYRTSRTAEVxJi+58bgp0QDp4JllUFiWEzolIxZ31JFJDN+Ok+d4QurjHAYafsU4Ln6dyMl0piZDOxkHtGsern4rxfIpcspcHt2JQyEN37KVZwAU3SRJUwEhgjnLeER14yCmFlCqOb2O5hOiCYUbJcV25O32so66VzVPbfu3TdqzUbRWBmdoXN0iTx0jZroDrVQG1Gk0TN6RW/Oi/PufDifi9GSU+ycoiU4X79ZIKG6</latexit><latexit sha1_base64="Z7HCIgFqFIoN2iMC/tiaJKZD4Nc=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4KjNS0GXBjcsK9gHtWDJppg1NMkNyRyjD/Ie40y9xJ27d+SHuzbSzsK0HAodz7uWenCAW3IDrfjuljc2t7Z3ybmVv/+DwqHp80jFRoilr00hEuhcQwwRXrA0cBOvFmhEZCNYNpre5331i2vBIPcAsZr4kY8VDTglY6VEO04EkMNEyjbNsWK25dXcOvE68gtRQgdaw+jMYRTSRTAEVxJi+58bgp0QDp4JllUFiWEzolIxZ31JFJDN+Ok+d4QurjHAYafsU4Ln6dyMl0piZDOxkHtGsern4rxfIpcspcHt2JQyEN37KVZwAU3SRJUwEhgjnLeER14yCmFlCqOb2O5hOiCYUbJcV25O32so66VzVPbfu3TdqzUbRWBmdoXN0iTx0jZroDrVQG1Gk0TN6RW/Oi/PufDifi9GSU+ycoiU4X79ZIKG6</latexit><latexit sha1_base64="Z7HCIgFqFIoN2iMC/tiaJKZD4Nc=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4KjNS0GXBjcsK9gHtWDJppg1NMkNyRyjD/Ie40y9xJ27d+SHuzbSzsK0HAodz7uWenCAW3IDrfjuljc2t7Z3ybmVv/+DwqHp80jFRoilr00hEuhcQwwRXrA0cBOvFmhEZCNYNpre5331i2vBIPcAsZr4kY8VDTglY6VEO04EkMNEyjbNsWK25dXcOvE68gtRQgdaw+jMYRTSRTAEVxJi+58bgp0QDp4JllUFiWEzolIxZ31JFJDN+Ok+d4QurjHAYafsU4Ln6dyMl0piZDOxkHtGsern4rxfIpcspcHt2JQyEN37KVZwAU3SRJUwEhgjnLeER14yCmFlCqOb2O5hOiCYUbJcV25O32so66VzVPbfu3TdqzUbRWBmdoXN0iTx0jZroDrVQG1Gk0TN6RW/Oi/PufDifi9GSU+ycoiU4X79ZIKG6</latexit><latexit sha1_base64="Z7HCIgFqFIoN2iMC/tiaJKZD4Nc=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4KjNS0GXBjcsK9gHtWDJppg1NMkNyRyjD/Ie40y9xJ27d+SHuzbSzsK0HAodz7uWenCAW3IDrfjuljc2t7Z3ybmVv/+DwqHp80jFRoilr00hEuhcQwwRXrA0cBOvFmhEZCNYNpre5331i2vBIPcAsZr4kY8VDTglY6VEO04EkMNEyjbNsWK25dXcOvE68gtRQgdaw+jMYRTSRTAEVxJi+58bgp0QDp4JllUFiWEzolIxZ31JFJDN+Ok+d4QurjHAYafsU4Ln6dyMl0piZDOxkHtGsern4rxfIpcspcHt2JQyEN37KVZwAU3SRJUwEhgjnLeER14yCmFlCqOb2O5hOiCYUbJcV25O32so66VzVPbfu3TdqzUbRWBmdoXN0iTx0jZroDrVQG1Gk0TN6RW/Oi/PufDifi9GSU+ycoiU4X79ZIKG6</latexit>

A =
�

�T
exp

✓
Tp

�T

◆

<latexit sha1_base64="VKoWFDCFv9bDxjKY9eJcCplSRRg="></latexit><latexit sha1_base64="VKoWFDCFv9bDxjKY9eJcCplSRRg="></latexit><latexit sha1_base64="VKoWFDCFv9bDxjKY9eJcCplSRRg="></latexit><latexit sha1_base64="VKoWFDCFv9bDxjKY9eJcCplSRRg="></latexit>

E =
RT 2

p

�T
<latexit sha1_base64="b/EXD6j6Gy03Dk/ddEkI5xrxHNk=">AAACM3icbVBNS8NAEN3U7/pV9ehlsYieSlIEPSgIKnis0mrBxLLZbnTpbhJ2J0JZ8hP8NeJNf4h4E68evbtpe7DVBwOP92aYmRemgmtw3TenNDU9Mzs3v1BeXFpeWa2srV/pJFOUtWgiEtUOiWaCx6wFHARrp4oRGQp2HfZOCv/6gSnNk7gJ/ZQFktzFPOKUgJU6lZ0zfIT9SBFqLnGzY3xJ4F5Jk+b5bT03/ikTQHAz71Sqbs0dAP8l3ohU0QiNTuXb7yY0kywGKojWN56bQmCIAk4Fy8t+pllKaI/csRtLYyKZDszgoRxvW6WLo0TZigEP1N8Thkit+zK0ncW9etIrxH+9UI5tNsDt2oljIDoIDI/TDFhMh7dEmcCQ4CJA3OWKURB9SwhV3L6D6T2xAYKNuWxz8iZT+Uuu6jXPrXkXe9Xjw1Fi82gTbaFd5KF9dIzOUQO1EEWP6Am9oFfn2Xl3PpzPYWvJGc1soDE4Xz8TLqs6</latexit><latexit sha1_base64="b/EXD6j6Gy03Dk/ddEkI5xrxHNk=">AAACM3icbVBNS8NAEN3U7/pV9ehlsYieSlIEPSgIKnis0mrBxLLZbnTpbhJ2J0JZ8hP8NeJNf4h4E68evbtpe7DVBwOP92aYmRemgmtw3TenNDU9Mzs3v1BeXFpeWa2srV/pJFOUtWgiEtUOiWaCx6wFHARrp4oRGQp2HfZOCv/6gSnNk7gJ/ZQFktzFPOKUgJU6lZ0zfIT9SBFqLnGzY3xJ4F5Jk+b5bT03/ikTQHAz71Sqbs0dAP8l3ohU0QiNTuXb7yY0kywGKojWN56bQmCIAk4Fy8t+pllKaI/csRtLYyKZDszgoRxvW6WLo0TZigEP1N8Thkit+zK0ncW9etIrxH+9UI5tNsDt2oljIDoIDI/TDFhMh7dEmcCQ4CJA3OWKURB9SwhV3L6D6T2xAYKNuWxz8iZT+Uuu6jXPrXkXe9Xjw1Fi82gTbaFd5KF9dIzOUQO1EEWP6Am9oFfn2Xl3PpzPYWvJGc1soDE4Xz8TLqs6</latexit><latexit sha1_base64="b/EXD6j6Gy03Dk/ddEkI5xrxHNk=">AAACM3icbVBNS8NAEN3U7/pV9ehlsYieSlIEPSgIKnis0mrBxLLZbnTpbhJ2J0JZ8hP8NeJNf4h4E68evbtpe7DVBwOP92aYmRemgmtw3TenNDU9Mzs3v1BeXFpeWa2srV/pJFOUtWgiEtUOiWaCx6wFHARrp4oRGQp2HfZOCv/6gSnNk7gJ/ZQFktzFPOKUgJU6lZ0zfIT9SBFqLnGzY3xJ4F5Jk+b5bT03/ikTQHAz71Sqbs0dAP8l3ohU0QiNTuXb7yY0kywGKojWN56bQmCIAk4Fy8t+pllKaI/csRtLYyKZDszgoRxvW6WLo0TZigEP1N8Thkit+zK0ncW9etIrxH+9UI5tNsDt2oljIDoIDI/TDFhMh7dEmcCQ4CJA3OWKURB9SwhV3L6D6T2xAYKNuWxz8iZT+Uuu6jXPrXkXe9Xjw1Fi82gTbaFd5KF9dIzOUQO1EEWP6Am9oFfn2Xl3PpzPYWvJGc1soDE4Xz8TLqs6</latexit><latexit sha1_base64="b/EXD6j6Gy03Dk/ddEkI5xrxHNk=">AAACM3icbVBNS8NAEN3U7/pV9ehlsYieSlIEPSgIKnis0mrBxLLZbnTpbhJ2J0JZ8hP8NeJNf4h4E68evbtpe7DVBwOP92aYmRemgmtw3TenNDU9Mzs3v1BeXFpeWa2srV/pJFOUtWgiEtUOiWaCx6wFHARrp4oRGQp2HfZOCv/6gSnNk7gJ/ZQFktzFPOKUgJU6lZ0zfIT9SBFqLnGzY3xJ4F5Jk+b5bT03/ikTQHAz71Sqbs0dAP8l3ohU0QiNTuXb7yY0kywGKojWN56bQmCIAk4Fy8t+pllKaI/csRtLYyKZDszgoRxvW6WLo0TZigEP1N8Thkit+zK0ncW9etIrxH+9UI5tNsDt2oljIDoIDI/TDFhMh7dEmcCQ4CJA3OWKURB9SwhV3L6D6T2xAYKNuWxz8iZT+Uuu6jXPrXkXe9Xjw1Fi82gTbaFd5KF9dIzOUQO1EEWP6Am9oFfn2Xl3PpzPYWvJGc1soDE4Xz8TLqs6</latexit>

Characteristic temperature 
and mass changes:

Analysis of peak condition 
yields:

�T
<latexit sha1_base64="rHFXPTcNz8Ee9wcirmfXrix7URY=">AAACEnicbVDLSgMxFM3UV62vqks3wSK4KjMi6LKgC5cV+oJ2KJn0ThuazAzJHaEM/Qlxp1/iTtz6A36Ie9N2Frb1QOBwzr3ckxMkUhh03W+nsLG5tb1T3C3t7R8cHpWPT1omTjWHJo9lrDsBMyBFBE0UKKGTaGAqkNAOxnczv/0E2og4auAkAV+xYSRCwRlaqdO7B4mMNvrlilt156DrxMtJheSo98s/vUHMUwURcsmM6Xpugn7GNAouYVrqpQYSxsdsCF1LI6bA+Nk875ReWGVAw1jbFyGdq383MqaMmajATiqGI7PqzcR/vUAtXc5Q2LMrYTC89TMRJSlCxBdZwlRSjOmsHzoQGjjKiSWMa2G/Q/mIacbRtliyPXmrrayT1lXVc6ve43Wldp03ViRn5JxcEo/ckBp5IHXSJJxI8kxeyZvz4rw7H87nYrTg5DunZAnO1y/ZSp4n</latexit><latexit sha1_base64="rHFXPTcNz8Ee9wcirmfXrix7URY=">AAACEnicbVDLSgMxFM3UV62vqks3wSK4KjMi6LKgC5cV+oJ2KJn0ThuazAzJHaEM/Qlxp1/iTtz6A36Ie9N2Frb1QOBwzr3ckxMkUhh03W+nsLG5tb1T3C3t7R8cHpWPT1omTjWHJo9lrDsBMyBFBE0UKKGTaGAqkNAOxnczv/0E2og4auAkAV+xYSRCwRlaqdO7B4mMNvrlilt156DrxMtJheSo98s/vUHMUwURcsmM6Xpugn7GNAouYVrqpQYSxsdsCF1LI6bA+Nk875ReWGVAw1jbFyGdq383MqaMmajATiqGI7PqzcR/vUAtXc5Q2LMrYTC89TMRJSlCxBdZwlRSjOmsHzoQGjjKiSWMa2G/Q/mIacbRtliyPXmrrayT1lXVc6ve43Wldp03ViRn5JxcEo/ckBp5IHXSJJxI8kxeyZvz4rw7H87nYrTg5DunZAnO1y/ZSp4n</latexit><latexit sha1_base64="rHFXPTcNz8Ee9wcirmfXrix7URY=">AAACEnicbVDLSgMxFM3UV62vqks3wSK4KjMi6LKgC5cV+oJ2KJn0ThuazAzJHaEM/Qlxp1/iTtz6A36Ie9N2Frb1QOBwzr3ckxMkUhh03W+nsLG5tb1T3C3t7R8cHpWPT1omTjWHJo9lrDsBMyBFBE0UKKGTaGAqkNAOxnczv/0E2og4auAkAV+xYSRCwRlaqdO7B4mMNvrlilt156DrxMtJheSo98s/vUHMUwURcsmM6Xpugn7GNAouYVrqpQYSxsdsCF1LI6bA+Nk875ReWGVAw1jbFyGdq383MqaMmajATiqGI7PqzcR/vUAtXc5Q2LMrYTC89TMRJSlCxBdZwlRSjOmsHzoQGjjKiSWMa2G/Q/mIacbRtliyPXmrrayT1lXVc6ve43Wldp03ViRn5JxcEo/ckBp5IHXSJJxI8kxeyZvz4rw7H87nYrTg5DunZAnO1y/ZSp4n</latexit><latexit sha1_base64="rHFXPTcNz8Ee9wcirmfXrix7URY=">AAACEnicbVDLSgMxFM3UV62vqks3wSK4KjMi6LKgC5cV+oJ2KJn0ThuazAzJHaEM/Qlxp1/iTtz6A36Ie9N2Frb1QOBwzr3ckxMkUhh03W+nsLG5tb1T3C3t7R8cHpWPT1omTjWHJo9lrDsBMyBFBE0UKKGTaGAqkNAOxnczv/0E2og4auAkAV+xYSRCwRlaqdO7B4mMNvrlilt156DrxMtJheSo98s/vUHMUwURcsmM6Xpugn7GNAouYVrqpQYSxsdsCF1LI6bA+Nk875ReWGVAw1jbFyGdq383MqaMmajATiqGI7PqzcR/vUAtXc5Q2LMrYTC89TMRJSlCxBdZwlRSjOmsHzoQGjjKiSWMa2G/Q/mIacbRtliyPXmrrayT1lXVc6ve43Wldp03ViRn5JxcEo/ckBp5IHXSJJxI8kxeyZvz4rw7H87nYrTg5DunZAnO1y/ZSp4n</latexit>

�T ⌘ mp

�m0
p

�m ⌘ m0 (1� ⌫)
<latexit sha1_base64="n71Dq5F/Sp6AVqB9LndGYCW/k/I="></latexit><latexit sha1_base64="n71Dq5F/Sp6AVqB9LndGYCW/k/I="></latexit><latexit sha1_base64="n71Dq5F/Sp6AVqB9LndGYCW/k/I="></latexit><latexit sha1_base64="n71Dq5F/Sp6AVqB9LndGYCW/k/I="></latexit>

�m
<latexit sha1_base64="2xfD/rWqtBlPPDXZXXJz11qTO1Y=">AAACEnicbVDLSgMxFM3UV62vqks3wSK4KjNS0GVBFy4r2Ae0Q8mkd9rQZGZI7ghl6E+IO/0Sd+LWH/BD3Ju2s7CtBwKHc+7lnpwgkcKg6347hY3Nre2d4m5pb//g8Kh8fNIycao5NHksY90JmAEpImiiQAmdRANTgYR2ML6d+e0n0EbE0SNOEvAVG0YiFJyhlTq9O5DIqOqXK27VnYOuEy8nFZKj0S//9AYxTxVEyCUzpuu5CfoZ0yi4hGmplxpIGB+zIXQtjZgC42fzvFN6YZUBDWNtX4R0rv7dyJgyZqICO6kYjsyqNxP/9QK1dDlDYc+uhMHwxs9ElKQIEV9kCVNJMaazfuhAaOAoJ5YwroX9DuUjphlH22LJ9uSttrJOWldVz616D7VKvZY3ViRn5JxcEo9ckzq5Jw3SJJxI8kxeyZvz4rw7H87nYrTg5DunZAnO1y8CqJ5A</latexit><latexit sha1_base64="2xfD/rWqtBlPPDXZXXJz11qTO1Y=">AAACEnicbVDLSgMxFM3UV62vqks3wSK4KjNS0GVBFy4r2Ae0Q8mkd9rQZGZI7ghl6E+IO/0Sd+LWH/BD3Ju2s7CtBwKHc+7lnpwgkcKg6347hY3Nre2d4m5pb//g8Kh8fNIycao5NHksY90JmAEpImiiQAmdRANTgYR2ML6d+e0n0EbE0SNOEvAVG0YiFJyhlTq9O5DIqOqXK27VnYOuEy8nFZKj0S//9AYxTxVEyCUzpuu5CfoZ0yi4hGmplxpIGB+zIXQtjZgC42fzvFN6YZUBDWNtX4R0rv7dyJgyZqICO6kYjsyqNxP/9QK1dDlDYc+uhMHwxs9ElKQIEV9kCVNJMaazfuhAaOAoJ5YwroX9DuUjphlH22LJ9uSttrJOWldVz616D7VKvZY3ViRn5JxcEo9ckzq5Jw3SJJxI8kxeyZvz4rw7H87nYrTg5DunZAnO1y8CqJ5A</latexit><latexit sha1_base64="2xfD/rWqtBlPPDXZXXJz11qTO1Y=">AAACEnicbVDLSgMxFM3UV62vqks3wSK4KjNS0GVBFy4r2Ae0Q8mkd9rQZGZI7ghl6E+IO/0Sd+LWH/BD3Ju2s7CtBwKHc+7lnpwgkcKg6347hY3Nre2d4m5pb//g8Kh8fNIycao5NHksY90JmAEpImiiQAmdRANTgYR2ML6d+e0n0EbE0SNOEvAVG0YiFJyhlTq9O5DIqOqXK27VnYOuEy8nFZKj0S//9AYxTxVEyCUzpuu5CfoZ0yi4hGmplxpIGB+zIXQtjZgC42fzvFN6YZUBDWNtX4R0rv7dyJgyZqICO6kYjsyqNxP/9QK1dDlDYc+uhMHwxs9ElKQIEV9kCVNJMaazfuhAaOAoJ5YwroX9DuUjphlH22LJ9uSttrJOWldVz616D7VKvZY3ViRn5JxcEo9ckzq5Jw3SJJxI8kxeyZvz4rw7H87nYrTg5DunZAnO1y8CqJ5A</latexit><latexit sha1_base64="2xfD/rWqtBlPPDXZXXJz11qTO1Y=">AAACEnicbVDLSgMxFM3UV62vqks3wSK4KjNS0GVBFy4r2Ae0Q8mkd9rQZGZI7ghl6E+IO/0Sd+LWH/BD3Ju2s7CtBwKHc+7lnpwgkcKg6347hY3Nre2d4m5pb//g8Kh8fNIycao5NHksY90JmAEpImiiQAmdRANTgYR2ML6d+e0n0EbE0SNOEvAVG0YiFJyhlTq9O5DIqOqXK27VnYOuEy8nFZKj0S//9AYxTxVEyCUzpuu5CfoZ0yi4hGmplxpIGB+zIXQtjZgC42fzvFN6YZUBDWNtX4R0rv7dyJgyZqICO6kYjsyqNxP/9QK1dDlDYc+uhMHwxs9ElKQIEV9kCVNJMaazfuhAaOAoJ5YwroX9DuUjphlH22LJ9uSttrJOWldVz616D7VKvZY3ViRn5JxcEo9ckzq5Jw3SJJxI8kxeyZvz4rw7H87nYrTg5DunZAnO1y8CqJ5A</latexit>

�m0
p

<latexit sha1_base64="Wp9H8d+bpHZyeCQnHBa2DDE89n4=">AAACJHicbVDLSsNAFJ34rPUVdSO4GSyCG0siBV0W3LisYB/QxDCZTtqhM8kwMxFKiF8j7vRL3IkLN/6FeydtFrb1wMDhnHuZe04oGFXacb6sldW19Y3NylZ1e2d3b98+OOyoJJWYtHHCEtkLkSKMxqStqWakJyRBPGSkG45vCr/7SKSiSXyvJ4L4HA1jGlGMtJEC+/iCP2SekJSTPMg8jvRI8kzkeWDXnLozBVwmbklqoEQrsH+8QYJTTmKNGVKq7zpC+xmSmmJG8qqXKiIQHqMh6RsaI06Un00T5PDMKAMYJdK8WMOp+ncjQ1ypCQ/NZHGiWvQK8V8v5HM/Z9oEVQvH6Ojaz2gsUk1iPLslShnUCSwagwMqCdZsYgjCkpo4EI+QRFibXqumJ3exlWXSuay7Tt29a9SajbKxCjgBp+AcuOAKNMEtaIE2wOAJPINX8Ga9WO/Wh/U5G12xyp0jMAfr+xcoAqZL</latexit><latexit sha1_base64="Wp9H8d+bpHZyeCQnHBa2DDE89n4=">AAACJHicbVDLSsNAFJ34rPUVdSO4GSyCG0siBV0W3LisYB/QxDCZTtqhM8kwMxFKiF8j7vRL3IkLN/6FeydtFrb1wMDhnHuZe04oGFXacb6sldW19Y3NylZ1e2d3b98+OOyoJJWYtHHCEtkLkSKMxqStqWakJyRBPGSkG45vCr/7SKSiSXyvJ4L4HA1jGlGMtJEC+/iCP2SekJSTPMg8jvRI8kzkeWDXnLozBVwmbklqoEQrsH+8QYJTTmKNGVKq7zpC+xmSmmJG8qqXKiIQHqMh6RsaI06Un00T5PDMKAMYJdK8WMOp+ncjQ1ypCQ/NZHGiWvQK8V8v5HM/Z9oEVQvH6Ojaz2gsUk1iPLslShnUCSwagwMqCdZsYgjCkpo4EI+QRFibXqumJ3exlWXSuay7Tt29a9SajbKxCjgBp+AcuOAKNMEtaIE2wOAJPINX8Ga9WO/Wh/U5G12xyp0jMAfr+xcoAqZL</latexit><latexit sha1_base64="Wp9H8d+bpHZyeCQnHBa2DDE89n4=">AAACJHicbVDLSsNAFJ34rPUVdSO4GSyCG0siBV0W3LisYB/QxDCZTtqhM8kwMxFKiF8j7vRL3IkLN/6FeydtFrb1wMDhnHuZe04oGFXacb6sldW19Y3NylZ1e2d3b98+OOyoJJWYtHHCEtkLkSKMxqStqWakJyRBPGSkG45vCr/7SKSiSXyvJ4L4HA1jGlGMtJEC+/iCP2SekJSTPMg8jvRI8kzkeWDXnLozBVwmbklqoEQrsH+8QYJTTmKNGVKq7zpC+xmSmmJG8qqXKiIQHqMh6RsaI06Un00T5PDMKAMYJdK8WMOp+ncjQ1ypCQ/NZHGiWvQK8V8v5HM/Z9oEVQvH6Ojaz2gsUk1iPLslShnUCSwagwMqCdZsYgjCkpo4EI+QRFibXqumJ3exlWXSuay7Tt29a9SajbKxCjgBp+AcuOAKNMEtaIE2wOAJPINX8Ga9WO/Wh/U5G12xyp0jMAfr+xcoAqZL</latexit><latexit sha1_base64="Wp9H8d+bpHZyeCQnHBa2DDE89n4=">AAACJHicbVDLSsNAFJ34rPUVdSO4GSyCG0siBV0W3LisYB/QxDCZTtqhM8kwMxFKiF8j7vRL3IkLN/6FeydtFrb1wMDhnHuZe04oGFXacb6sldW19Y3NylZ1e2d3b98+OOyoJJWYtHHCEtkLkSKMxqStqWakJyRBPGSkG45vCr/7SKSiSXyvJ4L4HA1jGlGMtJEC+/iCP2SekJSTPMg8jvRI8kzkeWDXnLozBVwmbklqoEQrsH+8QYJTTmKNGVKq7zpC+xmSmmJG8qqXKiIQHqMh6RsaI06Un00T5PDMKAMYJdK8WMOp+ncjQ1ypCQ/NZHGiWvQK8V8v5HM/Z9oEVQvH6Ojaz2gsUk1iPLslShnUCSwagwMqCdZsYgjCkpo4EI+QRFibXqumJ3exlWXSuay7Tt29a9SajbKxCjgBp+AcuOAKNMEtaIE2wOAJPINX8Ga9WO/Wh/U5G12xyp0jMAfr+xcoAqZL</latexit>



Estimating Parameters
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TGA Data 

�T =

s
�m0

p

m000
p

�m = �em0
p�T

<latexit sha1_base64="Q4NKS84UjMTivWzDu+4cbv3YI8Q="></latexit><latexit sha1_base64="Q4NKS84UjMTivWzDu+4cbv3YI8Q="></latexit><latexit sha1_base64="Q4NKS84UjMTivWzDu+4cbv3YI8Q="></latexit><latexit sha1_base64="Q4NKS84UjMTivWzDu+4cbv3YI8Q="></latexit>

Tp

m0
p

m000
p

<latexit sha1_base64="OxKyc2VuzT25+pOwY+lBGty5lvI=">AAACVnicbVFdS8MwFM2qc7N+VX30JTgEn0Yrgj74MPBFfJqwL1hrSbN0C0vakqTCKP1P/hrRJ/0TvorpVmEfXgg5Ofde7rknQcKoVLb9UTG2tqs7tfquubd/cHhkHZ/0ZJwKTLo4ZrEYBEgSRiPSVVQxMkgEQTxgpB9M74t8/4UISeOoo2YJ8TgaRzSkGClN+dZjx3c5UhPBsySHrmvypfezmwjKyQad/fHLV+5bDbtpzwNuAqcEDVBG27e+3VGMU04ihRmScujYifIyJBTFjOSmm0qSIDxFYzLUMEKcSC+b75zDC82MYBgLfSIF5+xyR4a4lDMe6MpCuFzPFeS/uYCvTM6U3k2uiVHhrZfRKEkVifBCS5gyqGJYeAxHVBCs2EwDhAXV60A8QQJhpX/C1D45665sgt5V07GbztN1o3VXOlYHZ+AcXAIH3IAWeABt0AUYvII38Am+Ku+VH6Nq1BalRqXsOQUrYVi/3pS4Cw==</latexit><latexit sha1_base64="OxKyc2VuzT25+pOwY+lBGty5lvI=">AAACVnicbVFdS8MwFM2qc7N+VX30JTgEn0Yrgj74MPBFfJqwL1hrSbN0C0vakqTCKP1P/hrRJ/0TvorpVmEfXgg5Ofde7rknQcKoVLb9UTG2tqs7tfquubd/cHhkHZ/0ZJwKTLo4ZrEYBEgSRiPSVVQxMkgEQTxgpB9M74t8/4UISeOoo2YJ8TgaRzSkGClN+dZjx3c5UhPBsySHrmvypfezmwjKyQad/fHLV+5bDbtpzwNuAqcEDVBG27e+3VGMU04ihRmScujYifIyJBTFjOSmm0qSIDxFYzLUMEKcSC+b75zDC82MYBgLfSIF5+xyR4a4lDMe6MpCuFzPFeS/uYCvTM6U3k2uiVHhrZfRKEkVifBCS5gyqGJYeAxHVBCs2EwDhAXV60A8QQJhpX/C1D45665sgt5V07GbztN1o3VXOlYHZ+AcXAIH3IAWeABt0AUYvII38Am+Ku+VH6Nq1BalRqXsOQUrYVi/3pS4Cw==</latexit><latexit sha1_base64="OxKyc2VuzT25+pOwY+lBGty5lvI=">AAACVnicbVFdS8MwFM2qc7N+VX30JTgEn0Yrgj74MPBFfJqwL1hrSbN0C0vakqTCKP1P/hrRJ/0TvorpVmEfXgg5Ofde7rknQcKoVLb9UTG2tqs7tfquubd/cHhkHZ/0ZJwKTLo4ZrEYBEgSRiPSVVQxMkgEQTxgpB9M74t8/4UISeOoo2YJ8TgaRzSkGClN+dZjx3c5UhPBsySHrmvypfezmwjKyQad/fHLV+5bDbtpzwNuAqcEDVBG27e+3VGMU04ihRmScujYifIyJBTFjOSmm0qSIDxFYzLUMEKcSC+b75zDC82MYBgLfSIF5+xyR4a4lDMe6MpCuFzPFeS/uYCvTM6U3k2uiVHhrZfRKEkVifBCS5gyqGJYeAxHVBCs2EwDhAXV60A8QQJhpX/C1D45665sgt5V07GbztN1o3VXOlYHZ+AcXAIH3IAWeABt0AUYvII38Am+Ku+VH6Nq1BalRqXsOQUrYVi/3pS4Cw==</latexit><latexit sha1_base64="OxKyc2VuzT25+pOwY+lBGty5lvI=">AAACVnicbVFdS8MwFM2qc7N+VX30JTgEn0Yrgj74MPBFfJqwL1hrSbN0C0vakqTCKP1P/hrRJ/0TvorpVmEfXgg5Ofde7rknQcKoVLb9UTG2tqs7tfquubd/cHhkHZ/0ZJwKTLo4ZrEYBEgSRiPSVVQxMkgEQTxgpB9M74t8/4UISeOoo2YJ8TgaRzSkGClN+dZjx3c5UhPBsySHrmvypfezmwjKyQad/fHLV+5bDbtpzwNuAqcEDVBG27e+3VGMU04ihRmScujYifIyJBTFjOSmm0qSIDxFYzLUMEKcSC+b75zDC82MYBgLfSIF5+xyR4a4lDMe6MpCuFzPFeS/uYCvTM6U3k2uiVHhrZfRKEkVifBCS5gyqGJYeAxHVBCs2EwDhAXV60A8QQJhpX/C1D45665sgt5V07GbztN1o3VXOlYHZ+AcXAIH3IAWeABt0AUYvII38Am+Ku+VH6Nq1BalRqXsOQUrYVi/3pS4Cw==</latexit>

Approximate 
Solution



Some Details
1. Smoothed data 

derivatives are found 
using Savitzky-Golay 
filter

2. “Small” mass loss 
rate peaks are 
neglected

3. Algorithm corrects for 
overlapping reactions

4. Mass changes 
corrected to conserve 
mass
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Requires 
specification of 
single tolerance 
parameter

Requires 
iteration



TGA Fit Verification
1. Assume kinetic parameters
2. Generate TGA data
3. Use algorithm to find assumed 

parameters
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Purpose:
1. Check implementation
2. Test validity of approximate solution



Two Reactions Verification
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Validation
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Purpose:
1. Test algorithm with real TGA data

Test Materials:
1. Nylon 6,6
2. Flexible 

polyurethane (PU) 
foam

3. Polyvinyl Chloride 
(PVC)

Procedure:
• In nitrogen
• Samples: 3-5.5 mg
• Isothermal heating 

for 20-30 min
• Dynamic heating at 

10 K/min



Validation:  Nylon 6,6
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Kinetic Parameter Reaction 1 
!! K  716.3 
Δ! K  22.11 
!" 0.9754 
! 0.03087 

ln ! !!!  27.50 
! (kJ/kmol) 192.9×10! 
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Validation:  Polyurethane Foam
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Kinetic Parameter Reaction 1 Reaction 2 
!! K  562.7 648.5 
Δ! K  14.50 13.69 
!" 0.2511 0.7280 
! 0.02577 0.02112 

ln ! !!!  34.34 42.95 
! (kJ/kmol) 181.5×10! 255.3×10! 

 



Validation:  PVC
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Kinetic Parameter Reaction 1 Reaction 2 Reaction 3 
!! K  568.5 731.7 588.1 
Δ! K  12.15 22.39 9.62 
!" 0.4200 0.2238 0.1999 
! 0.02138 0.03060 0.01636 

ln ! !!!  42.49 27.78 57.06 
! (kJ/kmol) 221.1×10! 198.8×10! 298.8×10! 

 



Validation Summary

25 materials:
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FACT:  Flammability data 
Automated Calibration Tools



Example:  Polyisocyanurate Board 
Insulation
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fact/Materials/metadata/PolyIso2.json

www.rmax.com
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Replicate TGA Data Files:
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Analysis of MCC Data
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Heat
Release 
Rate

Temperature

How should we estimate individual reaction heats of 
combustion (Δhc,i) from raw MCC data?

�hc,i
<latexit sha1_base64="XXR9KMl9AHQm6yQ2shjTJpz0Y5I=">AAACMnicbVDLSgMxFM34rPVVdekmWBQXUmZEsMuCLlwq2FbolJJJb9vQZGZI7gglzB/4NeJOf0R34tate9Paha0eCBzOfZ2cKJXCoO+/eguLS8srq4W14vrG5tZ2aWe3YZJMc6jzRCb6LmIGpIihjgIl3KUamIokNKPhxbjevAdtRBLf4iiFtmL9WPQEZ+ikTunIhpMlVkM3p+ElSGR00LGhYjjQyvL8ROQ075TKfsWfgP4lwZSUyRTXndJX2E14piBGLpkxrcBPsW2ZRsEl5MUwM5AyPmR9aDkaMwWmbSdWcnrolC7tJdq9GOlE/T1hmTJmpCLXObZp5mtj8d9apGYuWxTu7JwZ7FXbVsRphhDzHy+9TFJM6Dg/2hUaOMqRI4xr4b5D+YBpxtGlXHQ5BfOp/CWN00rgV4Kbs3KtOk2sQPbJATkmATknNXJFrkmdcPJAHskzefGevDfv3fv4aV3wpjN7ZAbe5zfWRquu</latexit><latexit sha1_base64="XXR9KMl9AHQm6yQ2shjTJpz0Y5I=">AAACMnicbVDLSgMxFM34rPVVdekmWBQXUmZEsMuCLlwq2FbolJJJb9vQZGZI7gglzB/4NeJOf0R34tate9Paha0eCBzOfZ2cKJXCoO+/eguLS8srq4W14vrG5tZ2aWe3YZJMc6jzRCb6LmIGpIihjgIl3KUamIokNKPhxbjevAdtRBLf4iiFtmL9WPQEZ+ikTunIhpMlVkM3p+ElSGR00LGhYjjQyvL8ROQ075TKfsWfgP4lwZSUyRTXndJX2E14piBGLpkxrcBPsW2ZRsEl5MUwM5AyPmR9aDkaMwWmbSdWcnrolC7tJdq9GOlE/T1hmTJmpCLXObZp5mtj8d9apGYuWxTu7JwZ7FXbVsRphhDzHy+9TFJM6Dg/2hUaOMqRI4xr4b5D+YBpxtGlXHQ5BfOp/CWN00rgV4Kbs3KtOk2sQPbJATkmATknNXJFrkmdcPJAHskzefGevDfv3fv4aV3wpjN7ZAbe5zfWRquu</latexit><latexit sha1_base64="XXR9KMl9AHQm6yQ2shjTJpz0Y5I=">AAACMnicbVDLSgMxFM34rPVVdekmWBQXUmZEsMuCLlwq2FbolJJJb9vQZGZI7gglzB/4NeJOf0R34tate9Paha0eCBzOfZ2cKJXCoO+/eguLS8srq4W14vrG5tZ2aWe3YZJMc6jzRCb6LmIGpIihjgIl3KUamIokNKPhxbjevAdtRBLf4iiFtmL9WPQEZ+ikTunIhpMlVkM3p+ElSGR00LGhYjjQyvL8ROQ075TKfsWfgP4lwZSUyRTXndJX2E14piBGLpkxrcBPsW2ZRsEl5MUwM5AyPmR9aDkaMwWmbSdWcnrolC7tJdq9GOlE/T1hmTJmpCLXObZp5mtj8d9apGYuWxTu7JwZ7FXbVsRphhDzHy+9TFJM6Dg/2hUaOMqRI4xr4b5D+YBpxtGlXHQ5BfOp/CWN00rgV4Kbs3KtOk2sQPbJATkmATknNXJFrkmdcPJAHskzefGevDfv3fv4aV3wpjN7ZAbe5zfWRquu</latexit><latexit sha1_base64="XXR9KMl9AHQm6yQ2shjTJpz0Y5I=">AAACMnicbVDLSgMxFM34rPVVdekmWBQXUmZEsMuCLlwq2FbolJJJb9vQZGZI7gglzB/4NeJOf0R34tate9Paha0eCBzOfZ2cKJXCoO+/eguLS8srq4W14vrG5tZ2aWe3YZJMc6jzRCb6LmIGpIihjgIl3KUamIokNKPhxbjevAdtRBLf4iiFtmL9WPQEZ+ikTunIhpMlVkM3p+ElSGR00LGhYjjQyvL8ROQ075TKfsWfgP4lwZSUyRTXndJX2E14piBGLpkxrcBPsW2ZRsEl5MUwM5AyPmR9aDkaMwWmbSdWcnrolC7tJdq9GOlE/T1hmTJmpCLXObZp5mtj8d9apGYuWxTu7JwZ7FXbVsRphhDzHy+9TFJM6Dg/2hUaOMqRI4xr4b5D+YBpxtGlXHQ5BfOp/CWN00rgV4Kbs3KtOk2sQPbJATkmATknNXJFrkmdcPJAHskzefGevDfv3fv4aV3wpjN7ZAbe5zfWRquu</latexit>
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Single Reaction

1) Value at Peak Temperature:  Tp

2) Simple Average:  Nd data points

�h =
1

Nd

NdX

k=1

Q̇ (Tk)

ṁ (Tk)
<latexit sha1_base64="6LzvbYuBKMAFnytil98wsRXoHUo="></latexit><latexit sha1_base64="6LzvbYuBKMAFnytil98wsRXoHUo="></latexit><latexit sha1_base64="6LzvbYuBKMAFnytil98wsRXoHUo="></latexit><latexit sha1_base64="6LzvbYuBKMAFnytil98wsRXoHUo="></latexit>

�h =
Q̇ (Tp)

ṁ (Tp)
<latexit sha1_base64="Uli9CoxIGZSq5sujbpDnCOdEZ9c="></latexit><latexit sha1_base64="Uli9CoxIGZSq5sujbpDnCOdEZ9c="></latexit><latexit sha1_base64="Uli9CoxIGZSq5sujbpDnCOdEZ9c="></latexit><latexit sha1_base64="Uli9CoxIGZSq5sujbpDnCOdEZ9c="></latexit>
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Multiple Reactions

NrX

i=1

ṁi (Tp,j)�hi = Q̇ (Tp,j) , j = 1, . . . , Nr
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1) Linear System:  Nr equations, Nr unknowns

2) Multiple Linear Regression: Nd data points  
NrX

i=1

ṁi (Tk)�hi = Q̇ (Tk) , k = 1, . . . , Nd > Nr
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Q̇ (T ) =
NrX

i=1

ṁi (T )�hi
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MCC Fit Verification
1. Assume kinetic parameters and heats of 

combustion
2. Generate TGA data
3. Use TGA fit algorithm to find kinetic 

parameters
4. Use TGA predictions and MCC data to find 

heats of combustion
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Purpose:
1. Check implementation
2. Test validity of approximate solution



MCC: Single Reaction Verification

• TGA Data
– 10 K/min
– Tp = 650 K

• MCC Data
– 60 K/min
– Δh = 30 kJ/g
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MCC: Single Reaction Verification
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Scenario Δh (kJ/g) (Total 
HR/mass)

Method 1: Peak 
Ratio
Δh (kJ/g)

Method 2: Simple 
Average
Δh (kJ/g)

ΔT = 10 K 30.026 30.792 30.849

ΔT = 20 K 29.997 28.731 29.556

ΔT = 40 K 29.997 26.949 28.291

• Total HR/mass not applicable to multiple reaction
• Method 2 performs better than Method 1



MCC: Two Reactions Verification
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MCC: Two Reactions Verification
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-Δh1 (kJ/g) -Δh2 (kJ/g) -Δhtotal (kJ/g)
Specified Value 15 45 21
ΔT = 10 K Simple Integration -- -- 20.998

Linear Regression 14.854 44.085 21.021
ΔT = 20 K Simple Integration -- -- 20.998

Linear Regression 14.953 43.973 21.061
ΔT = 40 K Simple Integration -- -- 20.998

Linear Regression 15.415 42.304 21.501

• Accuracy decreases with “broader” reactions
• Future work: correct individual reaction values to force 

match of total value



MCC Validation
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Example:  Lodgepole Pine Stems
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fact/Materials/metadata/LodgepolePine-Stem.json

Stem
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Replicate MCC Data Files:
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Summary
• Predicting fire growth requires material properties
• To obtain material properties:

– Small-scale tests (TGA, MCC, DSC, etc.)
– Calibration algorithms

• Calibration algorithms are presented for obtaining
– pyrolysis kinetic parameters from TGA data
– individual reaction heats of combustions from MCC data

• Algorithms performs well for
– Manufactured solution verification cases
– Multiple reaction materials with well-separated reaction 

peaks
• Algorithms implemented in FACT:    

 https://github.com/mcb1/fact/
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https://github.com/mcb1/fact/

