
• Radiative heat transfer is a key process in 
many combustion configurations, e.g., fire 

• Accurate representation is challenging 
• Complex solution of the RTE 

• Complex representation of spectral gas and 
soot properties 

• Computationally expensive 

• Combustion simulation considers complex 
chemistry, turbulent flow, multicomponent mass 
transfer, soot formation 

• Burden on users/developers for submodel 
expertise 

• Availability of libraries that offload submodels 
facilitates code development and progress 

• Cantera, …

Motivation

https://energy.sandia.gov/programs/nuclear-
energy/nuclear-energy-safety-security/



• RADLIB: radiative heat transfer library 

• Provides radiative properties for use in RTE 
solvers 

• Current models: 
• RCSLW 

• WSGG 

• Planck Mean 

• Species: CO2, H2O, CO, soot 

• Includes a 1D RTE solver 

• Multiple examples 

• Open source 

• C++, Python, Fortran interfaces 

• Published, documented

RADLIB



Models

<latexit sha1_base64="woH1+a+aYU4Nf8YJLboSlKGxjFM=">AAACKnicbVDLSgMxFM3UV62vqks3wSIIapkpom6EqhvdVbAP6JRyJ5NpQzMPkoxQhvkeN/6Kmy6U4tYPMZ12YVsPBA7n3MPNPU7EmVSmOTZyK6tr6xv5zcLW9s7uXnH/oCHDWBBaJyEPRcsBSTkLaF0xxWkrEhR8h9OmM3iY+M1XKiQLgxc1jGjHh17APEZAaalbvLM9ASRxn7o2VZAmrkzxLb6wBxBFkGl4auEzPC8mznkW6RZLZtnMgJeJNSMlNEOtWxzZbkhinwaKcJCybZmR6iQgFCOcpgU7ljQCMoAebWsagE9lJ8lOTfGJVlzshUK/QOFM/ZtIwJdy6Dt60gfVl4veRPzPa8fKu+kkLIhiRQMyXeTFHKsQT3rDLhOUKD7UBIhg+q+Y9EF3p3S7BV2CtXjyMmlUytZVufJ8Warez+rIoyN0jE6Rha5RFT2iGqojgt7QB/pEX8a7MTLGxvd0NGfMModoDsbPL4APprA=</latexit>

dI⌘
ds

= �⌘I⌘ + ⌘Ib,⌘

• Absorption spectra include millions of 
spectral lines. 

• T, P, composition dependent 

• Line-by-Line (LBL) solvers expensive, 
limited to simple configurations

rotation absorption spectrum of water

https://commons.wikimedia.org/wiki/
File:Atmospheric_terahertz_transmittance_at_Mauna_Kea_(simul

ated).svg

• Spectral RTE (neglect scattering)



Global Models (WSGG)

<latexit sha1_base64="1wAPYzTBGdxleUHyADJl9hOJgXI=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqewWUS9C0YvHCvYDtsuSTbNt2myyJLNCKf0ZXjwo4tVf481/Y9ruQVsfDDzem2FmXpQKbsB1v53C2vrG5lZxu7Szu7d/UD48ahmVacqaVAmlOxExTHDJmsBBsE6qGUkiwdrR6G7mt5+YNlzJRxinLEhIX/KYUwJW8rsmS8IhCYc3XliuuFV3DrxKvJxUUI5GWP7q9hTNEiaBCmKM77kpBBOigVPBpqVuZlhK6Ij0mW+pJAkzwWR+8hSfWaWHY6VtScBz9ffEhCTGjJPIdiYEBmbZm4n/eX4G8XUw4TLNgEm6WBRnAoPCs/9xj2tGQYwtIVRzeyumA6IJBZtSyYbgLb+8Slq1qndZrT1cVOq3eRxFdIJO0Tny0BWqo3vUQE1EkULP6BW9OeC8OO/Ox6K14OQzx+gPnM8f5dqRAQ==</latexit>X

j

aj = 1

<latexit sha1_base64="woH1+a+aYU4Nf8YJLboSlKGxjFM=">AAACKnicbVDLSgMxFM3UV62vqks3wSIIapkpom6EqhvdVbAP6JRyJ5NpQzMPkoxQhvkeN/6Kmy6U4tYPMZ12YVsPBA7n3MPNPU7EmVSmOTZyK6tr6xv5zcLW9s7uXnH/oCHDWBBaJyEPRcsBSTkLaF0xxWkrEhR8h9OmM3iY+M1XKiQLgxc1jGjHh17APEZAaalbvLM9ASRxn7o2VZAmrkzxLb6wBxBFkGl4auEzPC8mznkW6RZLZtnMgJeJNSMlNEOtWxzZbkhinwaKcJCybZmR6iQgFCOcpgU7ljQCMoAebWsagE9lJ8lOTfGJVlzshUK/QOFM/ZtIwJdy6Dt60gfVl4veRPzPa8fKu+kkLIhiRQMyXeTFHKsQT3rDLhOUKD7UBIhg+q+Y9EF3p3S7BV2CtXjyMmlUytZVufJ8Warez+rIoyN0jE6Rha5RFT2iGqojgt7QB/pEX8a7MTLGxvd0NGfMModoDsbPL4APprA=</latexit>

dI⌘
ds

= �⌘I⌘ + ⌘Ib,⌘

• Spectrally integrated radiation properties 
• Assume gray over wavenumber region j

<latexit sha1_base64="rZbQtrEY/afZUVLR/Osvi4OeZgk="></latexit>

dIj
ds

= �jIj + ajjIb, j = 0, 1, . . . , n

<latexit sha1_base64="SZuE4mD1sl6SJ7WZDTHgzL/kxJM=">AAACF3icbZDLSgMxFIYz9VbrrerSTbAILqTMFFE3QtGN3VWwF+iUIZNm2thMZkjOCGWYt3Djq7hxoYhb3fk2ppeFth5I+Pj/c0jO78eCa7Dtbyu3tLyyupZfL2xsbm3vFHf3mjpKFGUNGolItX2imeCSNYCDYO1YMRL6grX84fXYbz0wpXkk72AUs25I+pIHnBIwklcsE+8eX2I3UISmLpfgpS4DI2Y1L/VPxpz1Jnda8/zMK5bssj0pvAjODEpoVnWv+OX2IpqETAIVROuOY8fQTYkCTgXLCm6iWUzokPRZx6AkIdPddLJXho+M0sNBpMyRgCfq74mUhFqPQt90hgQGet4bi/95nQSCi27KZZwAk3T6UJAIDBEeh4R7XDEKYmSAUMXNXzEdEBMRmCgLJgRnfuVFaFbKzlm5cntaql7N4sijA3SIjpGDzlEV3aA6aiCKHtEzekVv1pP1Yr1bH9PWnDWb2Ud/yvr8AYj8oDI=</latexit>

aj =

R
⌘j

Ib,⌘d⌘

Ib

• Given spatial profiles of κj and aj, solve for Ij profiles

<latexit sha1_base64="GCwJEGTm+rt8tanO/slVp1a7ZNU=">AAACA3icbZBNS8NAEIY39avWr6o3vQSL4KkkRdRjUQ8eK9gPaErYbKft2s0m7E6EEgpe/CtePCji1T/hzX/jts1BW19YeHhnhtl5g1hwjY7zbeWWlldW1/LrhY3Nre2d4u5eQ0eJYlBnkYhUK6AaBJdQR44CWrECGgYCmsHwalJvPoDSPJJ3OIqhE9K+5D3OKBrLLx54XKKfeoDUkJd61yCQ+vfeeOwXS07ZmcpeBDeDEslU84tfXjdiSQgSmaBat10nxk5KFXImYFzwEg0xZUPah7ZBSUPQnXR6w9g+Nk7X7kXKPIn21P09kdJQ61EYmM6Q4kDP1ybmf7V2gr2LTsplnCBINlvUS4SNkT0JxO5yBQzFyABlipu/2mxAFWVoYiuYENz5kxehUSm7Z+XK7WmpepnFkSeH5IicEJeckyq5ITVSJ4w8kmfySt6sJ+vFerc+Zq05K5vZJ39kff4Av0mYPA==</latexit>Z

⌘2{�j}



Global Models (WSGG)

<latexit sha1_base64="4c9TN7E2QA0jtkK1v62KVHyyfwg=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKqkQsCBVsNCtSPQhNVHkOE7r1nEi20Gqos4s/AoLAwix8gVs/A1umgFajmTr6Jx7de89fsKoVJb1bSwtr6yurZc2yptb2zu75t5+W8apwKSFYxaLro8kYZSTlqKKkW4iCIp8Rjr+6Gbqdx6IkDTm92qcEDdCfU5DipHSkmceNeAVdChXsOE5RCEY5L/WZBp5w4Y39MyKVbVywEViF6QCCjQ988sJYpxGhCvMkJQ920qUmyGhKGZkUnZSSRKER6hPeppyFBHpZvkpE3iilQCGsdBPL5WrvzsyFEk5jnxdGSE1kPPeVPzP66UqvHQzypNUEY5ng8KUQRXDaS4woIJgxcaaICyo3hXiARIIK51eWYdgz5+8SNq1qn1erd2dVerXRRwlcAiOwSmwwQWog1vQBC2AwSN4Bq/gzXgyXox342NWumQUPQfgD4zPH4QTmOo=</latexit>

I =

Z
I⌘d⌘ =

X

j

Ij

<latexit sha1_base64="AmftbkGSdAY0TkCSEPm/BcN+dik=">AAACH3icbZDLSsNAFIYnXmu9RV26GSxC3ZSklOpGKLrRlRXsBZoQJtNJO3QyiTMToYS8iRtfxY0LRcRd38bpRdTWAwMf/38Oc87vx4xKZVkjY2l5ZXVtPbeR39za3tk19/abMkoEJg0csUi0fSQJo5w0FFWMtGNBUOgz0vIHl2O/9UCEpBG/U8OYuCHqcRpQjJSWPLPqhEj1/SC9z+A5dChXXlpxYppdF78dmZ38YNe5CUkPeWbBKlmTgotgz6AAZlX3zE+nG+EkJFxhhqTs2Fas3BQJRTEjWd5JJIkRHqAe6WjkKCTSTSf3ZfBYK10YREI/ruBE/T2RolDKYejrzvGict4bi/95nUQFZ25KeZwowvH0oyBhUEVwHBbsUkGwYkMNCAuqd4W4jwTCSkea1yHY8ycvQrNcsqul8m2lULuYxZEDh+AIFIENTkENXIE6aAAMHsEzeAVvxpPxYrwbH9PWJWM2cwD+lDH6AgnJo54=</latexit>

q =

Z

4⇡
I(s)sd⌦

<latexit sha1_base64="N46yPRyL4y5scMfE9CgCnP8V/qk=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBjSUpom6EohuXLdgHNKFMppN26GQmzkyEEgpu/BU3LhRx60+482+ctFlo64ELh3Pu5d57gphRpR3n2yosLa+srhXXSxubW9s79u5eS4lEYtLEggnZCZAijHLS1FQz0oklQVHASDsY3WR++4FIRQW/0+OY+BEacBpSjLSRevZBA17BU4+jgCEP94X2IqSHQZjeT3p22ak4U8BF4uakDHLUe/aX1xc4iQjXmCGluq4Taz9FUlPMyKTkJYrECI/QgHQN5Sgiyk+nP0zgsVH6MBTSFNdwqv6eSFGk1DgKTGd2oZr3MvE/r5vo8NJPKY8TTTieLQoTBrWAWSCwTyXBmo0NQVhScyvEQyQR1ia2kgnBnX95kbSqFfe8Um2clWvXeRxFcAiOwAlwwQWogVtQB02AwSN4Bq/gzXqyXqx362PWWrDymX3wB9bnDzTYl0g=</latexit>

Q = �r · q

• Total intensity

• Heat flux (kW/m2)

• Volumetric heat source (kW/m3)

<latexit sha1_base64="1wAPYzTBGdxleUHyADJl9hOJgXI=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqewWUS9C0YvHCvYDtsuSTbNt2myyJLNCKf0ZXjwo4tVf481/Y9ruQVsfDDzem2FmXpQKbsB1v53C2vrG5lZxu7Szu7d/UD48ahmVacqaVAmlOxExTHDJmsBBsE6qGUkiwdrR6G7mt5+YNlzJRxinLEhIX/KYUwJW8rsmS8IhCYc3XliuuFV3DrxKvJxUUI5GWP7q9hTNEiaBCmKM77kpBBOigVPBpqVuZlhK6Ij0mW+pJAkzwWR+8hSfWaWHY6VtScBz9ffEhCTGjJPIdiYEBmbZm4n/eX4G8XUw4TLNgEm6WBRnAoPCs/9xj2tGQYwtIVRzeyumA6IJBZtSyYbgLb+8Slq1qndZrT1cVOq3eRxFdIJO0Tny0BWqo3vUQE1EkULP6BW9OeC8OO/Ox6K14OQzx+gPnM8f5dqRAQ==</latexit>X

j

aj = 1

<latexit sha1_base64="woH1+a+aYU4Nf8YJLboSlKGxjFM=">AAACKnicbVDLSgMxFM3UV62vqks3wSIIapkpom6EqhvdVbAP6JRyJ5NpQzMPkoxQhvkeN/6Kmy6U4tYPMZ12YVsPBA7n3MPNPU7EmVSmOTZyK6tr6xv5zcLW9s7uXnH/oCHDWBBaJyEPRcsBSTkLaF0xxWkrEhR8h9OmM3iY+M1XKiQLgxc1jGjHh17APEZAaalbvLM9ASRxn7o2VZAmrkzxLb6wBxBFkGl4auEzPC8mznkW6RZLZtnMgJeJNSMlNEOtWxzZbkhinwaKcJCybZmR6iQgFCOcpgU7ljQCMoAebWsagE9lJ8lOTfGJVlzshUK/QOFM/ZtIwJdy6Dt60gfVl4veRPzPa8fKu+kkLIhiRQMyXeTFHKsQT3rDLhOUKD7UBIhg+q+Y9EF3p3S7BV2CtXjyMmlUytZVufJ8Warez+rIoyN0jE6Rha5RFT2iGqojgt7QB/pEX8a7MTLGxvd0NGfMModoDsbPL4APprA=</latexit>

dI⌘
ds

= �⌘I⌘ + ⌘Ib,⌘

• Spectrally integrated radiation properties 

• Assume gray over wavenumber region j

<latexit sha1_base64="rZbQtrEY/afZUVLR/Osvi4OeZgk="></latexit>

dIj
ds

= �jIj + ajjIb, j = 0, 1, . . . , n

<latexit sha1_base64="SZuE4mD1sl6SJ7WZDTHgzL/kxJM=">AAACF3icbZDLSgMxFIYz9VbrrerSTbAILqTMFFE3QtGN3VWwF+iUIZNm2thMZkjOCGWYt3Djq7hxoYhb3fk2ppeFth5I+Pj/c0jO78eCa7Dtbyu3tLyyupZfL2xsbm3vFHf3mjpKFGUNGolItX2imeCSNYCDYO1YMRL6grX84fXYbz0wpXkk72AUs25I+pIHnBIwklcsE+8eX2I3UISmLpfgpS4DI2Y1L/VPxpz1Jnda8/zMK5bssj0pvAjODEpoVnWv+OX2IpqETAIVROuOY8fQTYkCTgXLCm6iWUzokPRZx6AkIdPddLJXho+M0sNBpMyRgCfq74mUhFqPQt90hgQGet4bi/95nQSCi27KZZwAk3T6UJAIDBEeh4R7XDEKYmSAUMXNXzEdEBMRmCgLJgRnfuVFaFbKzlm5cntaql7N4sijA3SIjpGDzlEV3aA6aiCKHtEzekVv1pP1Yr1bH9PWnDWb2Ud/yvr8AYj8oDI=</latexit>

aj =

R
⌘j

Ib,⌘d⌘

Ib

• Given spatial profiles of κj and aj, solve for Ij 
profiles

<latexit sha1_base64="GCwJEGTm+rt8tanO/slVp1a7ZNU=">AAACA3icbZBNS8NAEIY39avWr6o3vQSL4KkkRdRjUQ8eK9gPaErYbKft2s0m7E6EEgpe/CtePCji1T/hzX/jts1BW19YeHhnhtl5g1hwjY7zbeWWlldW1/LrhY3Nre2d4u5eQ0eJYlBnkYhUK6AaBJdQR44CWrECGgYCmsHwalJvPoDSPJJ3OIqhE9K+5D3OKBrLLx54XKKfeoDUkJd61yCQ+vfeeOwXS07ZmcpeBDeDEslU84tfXjdiSQgSmaBat10nxk5KFXImYFzwEg0xZUPah7ZBSUPQnXR6w9g+Nk7X7kXKPIn21P09kdJQ61EYmM6Q4kDP1ybmf7V2gr2LTsplnCBINlvUS4SNkT0JxO5yBQzFyABlipu/2mxAFWVoYiuYENz5kxehUSm7Z+XK7WmpepnFkSeH5IicEJeckyq5ITVSJ4w8kmfySt6sJ+vFerc+Zq05K5vZJ39kff4Av0mYPA==</latexit>Z

⌘2{�j}



RCSLW

• Integrating over wavenumber bands Δj is limited 
because κη varies widely within the band 

• Spectral Line WSGG (SLW) models integrate 
over a set of (non-sequential) η for which the 
absorption cross section Cη is uniform (to within 
the Cη-width of the band) 

• κη=CηN where N is molar density 

• κj just corresponds to the given band 

• aj is the fraction of the black emission in Δj

WSGG

SLW
<latexit sha1_base64="lIotHFpOmLW5aXizs7Yh/SJQu5o="></latexit>

aj = F (C̃j ;�, T )� F (C̃j�1;�, T )
<latexit sha1_base64="kj2RKoYoVE2577nToRV7qpH5kLg="></latexit>

F (C;�, T ) =
1

�T 4

Z

{⌘:C⌘(⌘,�)<C}
Eb(⌘, T )d⌘

• F varies between 0 and 1 and is 
monotonic in C, so it can be inverted.

Solovjov et al. J. Quant. Spectrosc. Radiat. Tranf. 197:26-44 (2017)



RCSLW

• The integrated RTE assumes Δj are independent of spatial position x, 
but Cη depends on the thermodynamic state φ, which depends on x.

• This is handled differently in variations of SLW models 

• Rank correlation approach
• Two positions with states φ1 and φ2, with cross section spectra Cη(η,φ1), Cη(η,φ2) 

• Let                           and                          denote the cross sections at some wavenumber  

• Define 

<latexit sha1_base64="yS8zxDVe4k1lg8nfAT34jonbPOY=">AAACH3icbVDLSgNBEJz1bXxFPXoZDEIECbtBokcxF48K5gHZsMxOOmZw9uFMbyAs+RMv/ooXD4qIN//G2c0eNNowTFFVTXeXH0uh0ba/rIXFpeWV1bX10sbm1vZOeXevraNEcWjxSEaq6zMNUoTQQoESurECFvgSOv59M9M7Y1BaROEtTmLoB+wuFEPBGRrKKzfcEcO0OfUcFx4SMaZNzwVk1ZzO0PTE9SM50JPAfKkbj4TxHnvlil2z86J/gVOACinq2it/uoOIJwGEyCXTuufYMfZTplBwCdOSm2iIGb9nd9AzMGQB6H6a3zelR4YZ0GGkzAuR5uzPjpQFOlvQOAOGIz2vZeR/Wi/B4Xk/FWGcIIR8NmiYSIoRzcKiA6GAo5wYwLgSZlfKR0wxjibSkgnBmT/5L2jXa06jVr85rVxcFnGskQNySKrEIWfkglyRa9IinDySZ/JK3qwn68V6tz5m1gWr6Nknv8r6+ga/YqNs</latexit>

Ĉ1 ⌘ C⌘(⌘̂,�1)
<latexit sha1_base64="m/3H6D1Ym7LoY0fkGerZ4uiWN44=">AAACH3icbVDLSgNBEJz1GeMr6tHLYBAiSNgNoh6DuXiMYB6QDcvspJMMzj6c6RXCkj/x4q948aCIeMvfOJvkoIkNwxRV1XR3+bEUGm17Yq2srq1vbOa28ts7u3v7hYPDpo4SxaHBIxmpts80SBFCAwVKaMcKWOBLaPkPtUxvPYHSIgrvcRRDN2CDUPQFZ2gor3DpDhmmtbFXceExEU+05rmArDSlMzQ+d/1I9vQoMF/qxkNhvGdeoWiX7WnRZeDMQZHMq+4Vvt1exJMAQuSSad1x7Bi7KVMouIRx3k00xIw/sAF0DAxZALqbTu8b01PD9Gg/UuaFSKfs746UBTpb0DgDhkO9qGXkf1onwf51NxVhnCCEfDaon0iKEc3Coj2hgKMcGcC4EmZXyodMMY4m0rwJwVk8eRk0K2Xnsly5uyhWb+Zx5MgxOSEl4pArUiW3pE4ahJNn8kreyYf1Yr1Zn9bXzLpizXuOyJ+yJj/CmKNu</latexit>

Ĉ2 ⌘ C⌘(⌘̂,�2)
<latexit sha1_base64="RVi3JfCxp+8C4yCwoD/u9jS20qk=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ac2oWy223bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCanhUijeRIGSdxLNaRRK3g7HtzO//cS1EbF6wEnCg4gOlRgIRtFKj/6IYuZzpNNeueJW3TnIKvFyUoEcjV75y+/HLI24QiapMV3PTTDIqEbBJJ+W/NTwhLIxHfKupYpG3ATZ/OIpObNKnwxibUshmau/JzIaGTOJQtsZURyZZW8m/ud1UxxcB5lQSYpcscWiQSoJxmT2PukLzRnKiSWUaWFvJWxENWVoQyrZELzll1dJq1b1Lqu1+4tK/SaPowgncArn4MEV1OEOGtAEBgqe4RXeHOO8OO/Ox6K14OQzx/AHzucP3J6RDA==</latexit>

⌘̂

<latexit sha1_base64="yDYeaJhHONoA2zRFDFanMnyu6rE=">AAACIHicbVBLSwMxEM7WV62vVY9egkWoIGW3iBVRKPbSYwX7gG5ZsmnahmYfJLNCWfpTvPhXvHhQRG/6a8y2PWjrB8l8fDPDzHxeJLgCy/oyMiura+sb2c3c1vbO7p65f9BUYSwpa9BQhLLtEcUED1gDOAjWjiQjvidYyxtV03zrgUnFw+AexhHr+mQQ8D6nBLTkmuWaa+MbnDgMyFXVTUMh/c4cLxQ9NfZ1SJxoyCeufXrtDAkkVU0nrpm3itYUeJnYc5JHc9Rd89PphTT2WQBUEKU6thVBNyESOBVsknNixSJCR2TAOpoGxGeqm0wPnOATrfRwP5T6BYCn6u+OhPgq3VVX+gSGajGXiv/lOjH0L7sJD6IYWEBng/qxwBDi1C3c45JREGNNCJVc74rpkEhCQXua0ybYiycvk2apaF8US3fn+crt3I4sOkLHqIBsVEYVVEN11EAUPaJn9IrejCfjxXg3PmalGWPec4j+wPj+AXKFopg=</latexit>

H1 = ⌘ : C⌘(⌘,�1) < Ĉ1
<latexit sha1_base64="VzCeOohCkCYzc0ZOfn6fTNUsOPM=">AAACIHicbVBLSwMxEM7WV62vVY9egkWoIGW3iBVRKPbSYwX7gG5ZsmnahmYfJLNCWfpTvPhXvHhQRG/6a8y2PWjrB8l8fDPDzHxeJLgCy/oyMiura+sb2c3c1vbO7p65f9BUYSwpa9BQhLLtEcUED1gDOAjWjiQjvidYyxtV03zrgUnFw+AexhHr+mQQ8D6nBLTkmuWaW8I3OHEYkKuqm4ZC+p05Xih6auzrkDjRkE/c0um1MySQVDWduGbeKlpT4GViz0kezVF3zU+nF9LYZwFQQZTq2FYE3YRI4FSwSc6JFYsIHZEB62gaEJ+pbjI9cIJPtNLD/VDqFwCeqr87EuKrdFdd6RMYqsVcKv6X68TQv+wmPIhiYAGdDerHAkOIU7dwj0tGQYw1IVRyvSumQyIJBe1pTptgL568TJqlon1RLN2d5yu3czuy6AgdowKyURlVUA3VUQNR9Iie0St6M56MF+Pd+JiVZox5zyH6A+P7B3dSops=</latexit>

H2 = ⌘ : C⌘(⌘,�2) < Ĉ2

• If H1=H2 for arbitrary     the spectra Cη(η,φ1), Cη(η,φ2) are rank correlated. 
<latexit sha1_base64="RVi3JfCxp+8C4yCwoD/u9jS20qk=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ac2oWy223bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCanhUijeRIGSdxLNaRRK3g7HtzO//cS1EbF6wEnCg4gOlRgIRtFKj/6IYuZzpNNeueJW3TnIKvFyUoEcjV75y+/HLI24QiapMV3PTTDIqEbBJJ+W/NTwhLIxHfKupYpG3ATZ/OIpObNKnwxibUshmau/JzIaGTOJQtsZURyZZW8m/ud1UxxcB5lQSYpcscWiQSoJxmT2PukLzRnKiSWUaWFvJWxENWVoQyrZELzll1dJq1b1Lqu1+4tK/SaPowgncArn4MEV1OEOGtAEBgqe4RXeHOO8OO/Ox6K14OQzx/AHzucP3J6RDA==</latexit>

⌘̂
<latexit sha1_base64="lS8QOODEU67fki8hy/hP/8Pvcwg="></latexit>

F (Ĉ1,�1, Tr) =
1

�T 4
r

Z

H1

Eb(⌘, Tr)d⌘

<latexit sha1_base64="jaKCPVjwrtIHdRUTT0FlcG0TVjo="></latexit>

F (Ĉ2,�2, Tr) =
1

�T 4
r

Z

H2

Eb(⌘, Tr)d⌘

<latexit sha1_base64="MfPWx+NEEwCpHAbKidfYweD1Gjc=">AAACM3icbVDLSsNAFJ34rPUVdelmsAgVpCRF1I1QLIi4qtAXNCVMJpN26CQTZiZCCf0nN/6IC0FcKOLWf3DSFtS2F4Y5nHMu997jxYxKZVmvxtLyyuraem4jv7m1vbNr7u03JU8EJg3MGRdtD0nCaEQaiipG2rEgKPQYaXmDaqa3HoiQlEd1NYxJN0S9iAYUI6Up17y7KTp9pNLqyLVPHY8zXw5D/aVO3KcZV3fFydWvqbzAVB6boGsWrJI1LjgP7CkogGnVXPPZ8TlOQhIpzJCUHduKVTdFQlHMyCjvJJLECA9Qj3Q0jFBIZDcd3zyCx5rxYcCFfpGCY/ZvR4pCmW2pnSFSfTmrZeQirZOo4LKb0ihOFInwZFCQMKg4zAKEPhUEKzbUAGFB9a4Q95FAWOmY8zoEe/bkedAsl+zzUvn+rFC5nsaRA4fgCBSBDS5ABdyCGmgADB7BC3gHH8aT8WZ8Gl8T65Ix7TkA/8r4/gGv66pV</latexit>

F (Ĉ1,�1, Tr) = F (Ĉ2,�2, Tr)

• For a given state φ1 and cross section     , we can evaluate F, then invert to find      at another φ2
<latexit sha1_base64="zgJ9iYe0XOncsOaWVCwl0zSEeeA=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9VjsxWMF+yFtKJvtpl26m4TdiVBCf4UXD4p49ed489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKSLeRIGSdxLNqQokbwfj+sxvP3FtRBw94CThvqLDSISCUbTSY29EMatP+16/VHYr7hxklXg5KUOORr/01RvELFU8QiapMV3PTdDPqEbBJJ8We6nhCWVjOuRdSyOquPGz+cFTcm6VAQljbStCMld/T2RUGTNRge1UFEdm2ZuJ/3ndFMMbPxNRkiKP2GJRmEqCMZl9TwZCc4ZyYgllWthbCRtRTRnajIo2BG/55VXSqla8q0r1/rJcu83jKMApnMEFeHANNbiDBjSBgYJneIU3RzsvzrvzsWhdc/KZE/gD5/MHjDWQPw==</latexit>

Ĉ1

<latexit sha1_base64="vUn2qB9VJLowsyxKmO1XXv9No38=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9VjsxWMF+yFtKJvtpl26m4TdiVBCf4UXD4p49ed489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKSLeRIGSdxLNqQokbwfj+sxvP3FtRBw94CThvqLDSISCUbTSY29EMatP+9V+qexW3DnIKvFyUoYcjX7pqzeIWap4hExSY7qem6CfUY2CST4t9lLDE8rGdMi7lkZUceNn84On5NwqAxLG2laEZK7+nsioMmaiAtupKI7MsjcT//O6KYY3fiaiJEUescWiMJUEYzL7ngyE5gzlxBLKtLC3EjaimjK0GRVtCN7yy6ukVa14V5Xq/WW5dpvHUYBTOIML8OAaanAHDWgCAwXP8ApvjnZenHfnY9G65uQzJ/AHzucPjbmQQA==</latexit>

Ĉ2



RCSLW

• Algorithm
• Specify a reference temperature Tr on the domain of interest (e.g. an average) 

• Specify a collection of fixed      points with boundaries      (where 0<F<1) 

• At each position with state φ invert     and      to compute      and  

• Compute the                  for each j at each position 

• Compute the                                               for each j at each position 

<latexit sha1_base64="mxOsql6Yp8D9jJ9w5Mm2rnLysco=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY9BQTxGNA9IljA7mSRjZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+84lrIyL1gOOY+yEdKNEXjKKV7m+6j91iyS27M5Bl4mWkBBlq3eJXpxexJOQKmaTGtD03Rj+lGgWTfFLoJIbHlI3ogLctVTTkxk9np07IiVV6pB9pWwrJTP09kdLQmHEY2M6Q4tAselPxP6+dYP/ST4WKE+SKzRf1E0kwItO/SU9ozlCOLaFMC3srYUOqKUObTsGG4C2+vEwalbJ3Xq7cnZWqV1kceTiCYzgFDy6gCrdQgzowGMAzvMKbI50X5935mLfmnGzmEP7A+fwBGDKNrg==</latexit>

Fj

<latexit sha1_base64="hf4++e+5Gr+/HGgty4JcFF8s7Xk=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KkkR9VgUxGMF+wFpKJvNpl272Q27E6GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTAU34Lrfzsrq2vrGZmmrvL2zu7dfOThsG5VpylpUCaW7ITFMcMlawEGwbqoZSULBOuHoZup3npg2XMkHGKcsSMhA8phTAlbye8BFxPLbSf+xX6m6NXcGvEy8glRRgWa/8tWLFM0SJoEKYozvuSkEOdHAqWCTci8zLCV0RAbMt1SShJkgn508wadWiXCstC0JeKb+nshJYsw4CW1nQmBoFr2p+J/nZxBfBTmXaQZM0vmiOBMYFJ7+jyOuGQUxtoRQze2tmA6JJhRsSmUbgrf48jJp12veRa1+f15tXBdxlNAxOkFnyEOXqIHuUBO1EEUKPaNX9OaA8+K8Ox/z1hWnmDlCf+B8/gB8AZFk</latexit>

F̃j

<latexit sha1_base64="mxOsql6Yp8D9jJ9w5Mm2rnLysco=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY9BQTxGNA9IljA7mSRjZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+84lrIyL1gOOY+yEdKNEXjKKV7m+6j91iyS27M5Bl4mWkBBlq3eJXpxexJOQKmaTGtD03Rj+lGgWTfFLoJIbHlI3ogLctVTTkxk9np07IiVV6pB9pWwrJTP09kdLQmHEY2M6Q4tAselPxP6+dYP/ST4WKE+SKzRf1E0kwItO/SU9ozlCOLaFMC3srYUOqKUObTsGG4C2+vEwalbJ3Xq7cnZWqV1kceTiCYzgFDy6gCrdQgzowGMAzvMKbI50X5935mLfmnGzmEP7A+fwBGDKNrg==</latexit>

Fj
<latexit sha1_base64="hf4++e+5Gr+/HGgty4JcFF8s7Xk=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KkkR9VgUxGMF+wFpKJvNpl272Q27E6GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTAU34Lrfzsrq2vrGZmmrvL2zu7dfOThsG5VpylpUCaW7ITFMcMlawEGwbqoZSULBOuHoZup3npg2XMkHGKcsSMhA8phTAlbye8BFxPLbSf+xX6m6NXcGvEy8glRRgWa/8tWLFM0SJoEKYozvuSkEOdHAqWCTci8zLCV0RAbMt1SShJkgn508wadWiXCstC0JeKb+nshJYsw4CW1nQmBoFr2p+J/nZxBfBTmXaQZM0vmiOBMYFJ7+jyOuGQUxtoRQze2tmA6JJhRsSmUbgrf48jJp12veRa1+f15tXBdxlNAxOkFnyEOXqIHuUBO1EEUKPaNX9OaA8+K8Ox/z1hWnmDlCf+B8/gB8AZFk</latexit>

F̃j

<latexit sha1_base64="ampe2EJlvBbbmKAOAtFSE+tpaso=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mKqMdiLx4r2FpIQ9lsNu3azW7YnQgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSq4Adf9dkpr6xubW+Xtys7u3v5B9fCoa1SmKetQJZTuhcQwwSXrAAfBeqlmJAkFewjHrZn/8MS04UrewyRlQUKGksecErCS3wcuIpa3poPHQbXm1t058CrxClJDBdqD6lc/UjRLmAQqiDG+56YQ5EQDp4JNK/3MsJTQMRky31JJEmaCfH7yFJ9ZJcKx0rYk4Ln6eyIniTGTJLSdCYGRWfZm4n+en0F8HeRcphkwSReL4kxgUHj2P464ZhTExBJCNbe3YjoimlCwKVVsCN7yy6uk26h7l/XG3UWteVPEUUYn6BSdIw9doSa6RW3UQRQp9Ixe0ZsDzovz7nwsWktOMXOM/sD5/AF3bJFh</latexit>

C̃j

<latexit sha1_base64="FwpCN7r3z+R5AAdnIM6hRm+rNP8=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaJUY9ELh4xyiOBDZkdemFkdnYzM2tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoJRbea3nlBpHssHM07Qj+hA8pAzaqx0X+s99oolt+zOQVaJl5ESZKj3il/dfszSCKVhgmrd8dzE+BOqDG cCp4VuqjGhbEQH2LFU0gi1P5mfOiVnVumTMFa2pCFz9ffEhEZaj6PAdkbUDPWyNxP/8zqpCa/9CZdJalCyxaIwFcTEZPY36XOFzIixJZQpbm8lbEgVZcamU7AheMsvr5Jmpexdlit3F6XqTRZHHk7gFM7Bgyuowi3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AE6CNqw==</latexit>

Cj
<latexit sha1_base64="EgR8VSrQjUy7Hp1F6N6vdMlS3PM=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkpSRL0IxV48SQX7AW0Im+2m3XazCbsboZb+Ei8eFPHqT/Hmv3Hb5qCtDwYe780wMy9IOFPacb6t3Nr6xuZWfruws7u3X7QPDpsqTiWhDRLzWLYDrChngjY005y2E0lxFHDaCka1md96pFKxWDzocUK9CPcFCxnB2ki+XeyOcJJgf4iuUc0f3vl2ySk7c6BV4makBBnqvv3V7cUkjajQhGOlOq6TaG+CpWaE02mhmyqaYDLCfdoxVOCIKm8yP3yKTo3SQ2EsTQmN5urviQmOlBpHgemMsB6oZW8m/ud1Uh1eeRMmklRTQRaLwpQjHaNZCqjHJCWajw3BRDJzKyIDLDHRJquCCcFdfnmVNCtl96JcuT8vVW+yOPJwDCdwBi5cQhVuoQ4NIJDCM7zCm/VkvVjv1seiNWdlM0fwB9bnD3ecklE=</latexit>

j = CjN
<latexit sha1_base64="lIotHFpOmLW5aXizs7Yh/SJQu5o="></latexit>

aj = F (C̃j ;�, T )� F (C̃j�1;�, T )



RCSLW

• Algorithm
• Specify a reference temperature Tr on the domain of interest (e.g. an average) 

• Specify a collection of fixed      points with boundaries      (where 0<F<1) 

• At each position with state φ invert     and      to compute      and  

• Compute the                  for each j at each position 

• Compute the                                               for each j at each position 

<latexit sha1_base64="mxOsql6Yp8D9jJ9w5Mm2rnLysco=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY9BQTxGNA9IljA7mSRjZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+84lrIyL1gOOY+yEdKNEXjKKV7m+6j91iyS27M5Bl4mWkBBlq3eJXpxexJOQKmaTGtD03Rj+lGgWTfFLoJIbHlI3ogLctVTTkxk9np07IiVV6pB9pWwrJTP09kdLQmHEY2M6Q4tAselPxP6+dYP/ST4WKE+SKzRf1E0kwItO/SU9ozlCOLaFMC3srYUOqKUObTsGG4C2+vEwalbJ3Xq7cnZWqV1kceTiCYzgFDy6gCrdQgzowGMAzvMKbI50X5935mLfmnGzmEP7A+fwBGDKNrg==</latexit>

Fj

<latexit sha1_base64="hf4++e+5Gr+/HGgty4JcFF8s7Xk=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KkkR9VgUxGMF+wFpKJvNpl272Q27E6GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTAU34Lrfzsrq2vrGZmmrvL2zu7dfOThsG5VpylpUCaW7ITFMcMlawEGwbqoZSULBOuHoZup3npg2XMkHGKcsSMhA8phTAlbye8BFxPLbSf+xX6m6NXcGvEy8glRRgWa/8tWLFM0SJoEKYozvuSkEOdHAqWCTci8zLCV0RAbMt1SShJkgn508wadWiXCstC0JeKb+nshJYsw4CW1nQmBoFr2p+J/nZxBfBTmXaQZM0vmiOBMYFJ7+jyOuGQUxtoRQze2tmA6JJhRsSmUbgrf48jJp12veRa1+f15tXBdxlNAxOkFnyEOXqIHuUBO1EEUKPaNX9OaA8+K8Ox/z1hWnmDlCf+B8/gB8AZFk</latexit>

F̃j

<latexit sha1_base64="mxOsql6Yp8D9jJ9w5Mm2rnLysco=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY9BQTxGNA9IljA7mSRjZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+84lrIyL1gOOY+yEdKNEXjKKV7m+6j91iyS27M5Bl4mWkBBlq3eJXpxexJOQKmaTGtD03Rj+lGgWTfFLoJIbHlI3ogLctVTTkxk9np07IiVV6pB9pWwrJTP09kdLQmHEY2M6Q4tAselPxP6+dYP/ST4WKE+SKzRf1E0kwItO/SU9ozlCOLaFMC3srYUOqKUObTsGG4C2+vEwalbJ3Xq7cnZWqV1kceTiCYzgFDy6gCrdQgzowGMAzvMKbI50X5935mLfmnGzmEP7A+fwBGDKNrg==</latexit>

Fj
<latexit sha1_base64="hf4++e+5Gr+/HGgty4JcFF8s7Xk=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KkkR9VgUxGMF+wFpKJvNpl272Q27E6GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTAU34Lrfzsrq2vrGZmmrvL2zu7dfOThsG5VpylpUCaW7ITFMcMlawEGwbqoZSULBOuHoZup3npg2XMkHGKcsSMhA8phTAlbye8BFxPLbSf+xX6m6NXcGvEy8glRRgWa/8tWLFM0SJoEKYozvuSkEOdHAqWCTci8zLCV0RAbMt1SShJkgn508wadWiXCstC0JeKb+nshJYsw4CW1nQmBoFr2p+J/nZxBfBTmXaQZM0vmiOBMYFJ7+jyOuGQUxtoRQze2tmA6JJhRsSmUbgrf48jJp12veRa1+f15tXBdxlNAxOkFnyEOXqIHuUBO1EEUKPaNX9OaA8+K8Ox/z1hWnmDlCf+B8/gB8AZFk</latexit>

F̃j

<latexit sha1_base64="ampe2EJlvBbbmKAOAtFSE+tpaso=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mKqMdiLx4r2FpIQ9lsNu3azW7YnQgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSq4Adf9dkpr6xubW+Xtys7u3v5B9fCoa1SmKetQJZTuhcQwwSXrAAfBeqlmJAkFewjHrZn/8MS04UrewyRlQUKGksecErCS3wcuIpa3poPHQbXm1t058CrxClJDBdqD6lc/UjRLmAQqiDG+56YQ5EQDp4JNK/3MsJTQMRky31JJEmaCfH7yFJ9ZJcKx0rYk4Ln6eyIniTGTJLSdCYGRWfZm4n+en0F8HeRcphkwSReL4kxgUHj2P464ZhTExBJCNbe3YjoimlCwKVVsCN7yy6uk26h7l/XG3UWteVPEUUYn6BSdIw9doSa6RW3UQRQp9Ixe0ZsDzovz7nwsWktOMXOM/sD5/AF3bJFh</latexit>

C̃j

<latexit sha1_base64="FwpCN7r3z+R5AAdnIM6hRm+rNP8=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaJUY9ELh4xyiOBDZkdemFkdnYzM2tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoJRbea3nlBpHssHM07Qj+hA8pAzaqx0X+s99oolt+zOQVaJl5ESZKj3il/dfszSCKVhgmrd8dzE+BOqDG cCp4VuqjGhbEQH2LFU0gi1P5mfOiVnVumTMFa2pCFz9ffEhEZaj6PAdkbUDPWyNxP/8zqpCa/9CZdJalCyxaIwFcTEZPY36XOFzIixJZQpbm8lbEgVZcamU7AheMsvr5Jmpexdlit3F6XqTRZHHk7gFM7Bgyuowi3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AE6CNqw==</latexit>

Cj
<latexit sha1_base64="EgR8VSrQjUy7Hp1F6N6vdMlS3PM=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkpSRL0IxV48SQX7AW0Im+2m3XazCbsboZb+Ei8eFPHqT/Hmv3Hb5qCtDwYe780wMy9IOFPacb6t3Nr6xuZWfruws7u3X7QPDpsqTiWhDRLzWLYDrChngjY005y2E0lxFHDaCka1md96pFKxWDzocUK9CPcFCxnB2ki+XeyOcJJgf4iuUc0f3vl2ySk7c6BV4makBBnqvv3V7cUkjajQhGOlOq6TaG+CpWaE02mhmyqaYDLCfdoxVOCIKm8yP3yKTo3SQ2EsTQmN5urviQmOlBpHgemMsB6oZW8m/ud1Uh1eeRMmklRTQRaLwpQjHaNZCqjHJCWajw3BRDJzKyIDLDHRJquCCcFdfnmVNCtl96JcuT8vVW+yOPJwDCdwBi5cQhVuoQ4NIJDCM7zCm/VkvVjv1seiNWdlM0fwB9bnD3ecklE=</latexit>

j = CjN
<latexit sha1_base64="lIotHFpOmLW5aXizs7Yh/SJQu5o="></latexit>

aj = F (C̃j ;�, T )� F (C̃j�1;�, T )

• ALBDF data is available: 
• H2O, CO2, and CO 

• P=0.1-50 atm, 

• T=300-3000 K.  

• Pearson et al. J. Quant. Spectrosc. Radiat. Transf. 143:83-91 (2018). 

• For mixtures: <latexit sha1_base64="y+LzITT5ErQYT0hGe9h+JQpkBuY="></latexit>

C⌘ = xCO2CCO2,⌘ + xH2OCH2O,⌘ + xCOCCO,⌘

<latexit sha1_base64="UoKOGMLojDMSxXDu0+sCPhgXRxc="></latexit>

F⌘(C⌘) = FCO2,⌘

✓
C⌘

xCO2

◆
FH2O,⌘

✓
C⌘

xH2O

◆
FCO,⌘

✓
C⌘

xCO

◆

“multiplication method”



WSGG

• WSGG model
• Bordbar et al., Combust. Flame, 161:2435-2445 (2014) 

• Bordbar et al. Int. Commun. Heat Mass Transf., 110:104400 
(2020) 

• 4 gray + 1 clear gas 

• H2O, CO2 

• κj, aj correlated to Mr = xH2O/xCO2,  
• 0.01 < Mr < 4 (interpolate to pure CO2, H2O outside) 

• T = 300-2400 K 

• Pressure-path length: 0.1-60 atm-m



PM

• Planck Mean model 
• TNF Workshop, https://tnfworkshop.org/radiation/ 

• H2O, CO2, CO, CH4 

• T = 300-2300 K

• WSGG model
• Bordbar et al., Combust. Flame, 161:2435-2445 (2014) 

• Bordbar et al. Int. Commun. Heat Mass Transf., 110:104400 
(2020) 

• 4 gray + 1 clear gas 

• H2O, CO2 

• κj, aj correlated to Mr = xH2O/xCO2,  
• 0.01 < Mr < 4 (interpolate to pure CO2, H2O outside) 

• T = 300-2400 K 

• Pressure-path length: 0.1-60 atm-m



Soot

• Included in all three models 

• Unagglomerated spheres 

• Rayleigh small particle limit 

• Neglects scattering 

• Plank Mean: 

• κs is added to the κgas 

• WSGG: 

• κs is added to each κj 

• RCSLW 

• Spectral treatment 

• Fs,η computed and included in 
the mixture treatment 
(multiplication method)

s,⌘ = C0fv⌘
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C0 =
36⇡nk

(n2 � k2 + 2)2 + 4n2k2
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• n, k are real, imaginary parts of 
the complex index of refraction 

• n=1.75, k=1.03 ➞ C0=7.03 
• Williams et al. Int. J. Heat Mass 

Transf. 50:1616-1630 (2007)

C2 = 0.014388 m·K
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s = 3.72
fvC0T

C2
= 1817fvT m�1
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Examples

• 1D planar 

• P = 1 atm, vary T, composition prof. 

• 7 configurations 

• Compare results with LBL 
simulations. 

• Ray tracing: 1000 pts, 101 angles 

Example B3 

• PM gives poor results 

• WSGG is good except near walls 

• RCSLW is nearly LBL



Examples

Example S5 
• Black walls at 1500, 500 K 
• Uniform xH2O = 0.1 
• Vary # Gray Gases

n=1

n=2

WSGG,  
n=4



Examples

Example SB1 
• Cold black walls 
• Uniform T, composition 
• T = 1000 K 
• xH2O = 0.2, xCO2 = 0.1



Publication



Github



Code Ocean



YouTube



https://github.com/BYUignite/radlib


