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Modeling Thermal Protection Systems (TPS)

Simulation of surface temperature
for MSL heatshield

Macroscale Modeling
Full scale material response solvers, using 

volume-averaged techniques to solve 
conservation equations for ablation

Lachaud and Mansour, JTHT 2013

Microscale Modeling
Used to inform material properties and 
material response parameters used in 

macro-scale modeling



X- Ray Microtomography
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Collect X-ray images of the sample as 
you rotate it through 180°

Use this series of images to 
reconstruct the 3D object

Multiple anglesPenetrating power Courtesy of D. Parkinson (ALS)



Porous Microstructure Analysis (PuMA) software
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Ferguson, J. C., Panerai, F., Borner, A., & Mansour, N. N. (2018).   
PuMA: the Porous Microstructure Analysis software. SoftwareX, 7, 81-87.

https://software.nasa.gov/software/ARC-17920-1

CT Reconstruction of FiberForm

https://software.nasa.gov/software/ARC-17920-1


Challenges in Micro-scale modeling
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12- ply real 
TPS weave

As NASA moves towards 
woven TPS materials, our 

modeling must adapt

Artificially 
Generated Weave



Formulate, implement and validate:

1. Finite Volume (FV) method to find the 
effective thermal conductivity due to 
anisotropic solid heat conduction

2. Ray Casting method for estimating the 
fiber orientation in CT reconstructions

3. Collision based Monte-Carlo method to 
find the View Factors (VF) to compute 
the effective radiative coefficient

Objectives
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q = (kc + kr)rT
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SOLID HEAT CONDUCTION
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Computing the effective thermal conductivity
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Impose initial linear 
Temperature profile

Ti,j,k =
i

Lx
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Temperature converged 
to Steady State

CGLS

Compute Effective 
Thermal Conductivity
!",$%%



Finite Volume Method
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Flux in  =  Flux out
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Multi-Point Flux Approximation (MPFA*)
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• Integration carried out inside Control Volume (CV)
• Continuity of flux enforced inside Interaction Volume (IV)

*Ivar Aavatsmark. Multipoint flux approximation methods for quadrilateral grids. 9th International 
forum on reservoir simulation, Abu Dhabi, pages 9–13, 2007.



Transmissibility Matrix
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TB =
⇥
TB
Pe, T

B
Ne, T

B
Pn, T

B
En

⇤T
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TN
P , TN

E , TN
N , TN

NE
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q = ATB +BTN
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C TB = DTN ! TB = C�1DTN
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qxPne = qxEnw

qxNse = qxNEsw
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qyEnw = qyNEsw
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C TB = DTN ! TB = C�1DTN
<latexit sha1_base64="Do/pTrVw9iUE0phPFLC0F887zxU="></latexit><latexit sha1_base64="Do/pTrVw9iUE0phPFLC0F887zxU="></latexit><latexit sha1_base64="Do/pTrVw9iUE0phPFLC0F887zxU="></latexit><latexit sha1_base64="Do/pTrVw9iUE0phPFLC0F887zxU="></latexit>



Analytical Case for Anisotropic sample

ki,j,k =

2

4
1 0.75 0.75

0.75 1 0.75
0.75 0.75 1

3

5

<latexit sha1_base64="I0jX0XMx162EjocdjCF1fC4hZGE="></latexit><latexit sha1_base64="I0jX0XMx162EjocdjCF1fC4hZGE="></latexit><latexit sha1_base64="I0jX0XMx162EjocdjCF1fC4hZGE="></latexit><latexit sha1_base64="I0jX0XMx162EjocdjCF1fC4hZGE="></latexit>

T i,j,k =

8
<

:

0, x < �L
cos (3⇡/h x) + cos (3⇡/h z) , � L  x  L

0, x > L
<latexit sha1_base64="6VVL84cUD8GN0oZ7uqM5fDvNbmg="></latexit><latexit sha1_base64="6VVL84cUD8GN0oZ7uqM5fDvNbmg="></latexit><latexit sha1_base64="6VVL84cUD8GN0oZ7uqM5fDvNbmg="></latexit><latexit sha1_base64="6VVL84cUD8GN0oZ7uqM5fDvNbmg="></latexit>

Numerical
Analytical

Zhang Xiangzhou, Steady-State Temperatures in an Anisotropic Strip,  
ASME Journal of Heat Transfer, 112(1), pp. 16-20.
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Ray Casting Method

N =

✓
180�

d 
� 1

◆✓
360�

d 

◆
+ 2

<latexit sha1_base64="EBmq+uoCmapP/k7QJemWkMsz5wA="></latexit><latexit sha1_base64="EBmq+uoCmapP/k7QJemWkMsz5wA="></latexit><latexit sha1_base64="EBmq+uoCmapP/k7QJemWkMsz5wA="></latexit><latexit sha1_base64="EBmq+uoCmapP/k7QJemWkMsz5wA="></latexit>

v = vxi+ vyj + vzk
<latexit sha1_base64="3ZoI4LgA/6SwjyP5VDpp/Ick63U=">AAACM3icbZBLS8NAEMc3Pmt9RT16WSyCIJREBL0IRS/iqYJ9QBvCZrNp124e7G6KMeQ7efGLeBDEgyJe/Q5u2hxi68Cyf34zw8z8nYhRIQ3jTVtYXFpeWa2sVdc3Nre29Z3dtghjjkkLhyzkXQcJwmhAWpJKRroRJ8h3GOk4o6s83xkTLmgY3MkkIpaPBgH1KEZSIVu/6Tshc0Xiqy8dZ/ACju2HMqMZPFYsKbP7KXsss1Fm6zWjbkwCzguzEDVQRNPWX/puiGOfBBIzJETPNCJppYhLihnJqv1YkAjhERqQnpIB8omw0snNGTxUxIVeyNULJJzQckeKfJGvpip9JIdiNpfD/3K9WHrnVkqDKJYkwNNBXsygDGFuIHQpJ1iyRAmEOVW7QjxEHGGpbK4qE8zZk+dF+6RuGnXz9rTWuCzsqIB9cACOgAnOQANcgyZoAQyewCv4AJ/as/aufWnf09IFrejZA39C+/kFjEusrA==</latexit><latexit sha1_base64="3ZoI4LgA/6SwjyP5VDpp/Ick63U=">AAACM3icbZBLS8NAEMc3Pmt9RT16WSyCIJREBL0IRS/iqYJ9QBvCZrNp124e7G6KMeQ7efGLeBDEgyJe/Q5u2hxi68Cyf34zw8z8nYhRIQ3jTVtYXFpeWa2sVdc3Nre29Z3dtghjjkkLhyzkXQcJwmhAWpJKRroRJ8h3GOk4o6s83xkTLmgY3MkkIpaPBgH1KEZSIVu/6Tshc0Xiqy8dZ/ACju2HMqMZPFYsKbP7KXsss1Fm6zWjbkwCzguzEDVQRNPWX/puiGOfBBIzJETPNCJppYhLihnJqv1YkAjhERqQnpIB8omw0snNGTxUxIVeyNULJJzQckeKfJGvpip9JIdiNpfD/3K9WHrnVkqDKJYkwNNBXsygDGFuIHQpJ1iyRAmEOVW7QjxEHGGpbK4qE8zZk+dF+6RuGnXz9rTWuCzsqIB9cACOgAnOQANcgyZoAQyewCv4AJ/as/aufWnf09IFrejZA39C+/kFjEusrA==</latexit><latexit sha1_base64="3ZoI4LgA/6SwjyP5VDpp/Ick63U=">AAACM3icbZBLS8NAEMc3Pmt9RT16WSyCIJREBL0IRS/iqYJ9QBvCZrNp124e7G6KMeQ7efGLeBDEgyJe/Q5u2hxi68Cyf34zw8z8nYhRIQ3jTVtYXFpeWa2sVdc3Nre29Z3dtghjjkkLhyzkXQcJwmhAWpJKRroRJ8h3GOk4o6s83xkTLmgY3MkkIpaPBgH1KEZSIVu/6Tshc0Xiqy8dZ/ACju2HMqMZPFYsKbP7KXsss1Fm6zWjbkwCzguzEDVQRNPWX/puiGOfBBIzJETPNCJppYhLihnJqv1YkAjhERqQnpIB8omw0snNGTxUxIVeyNULJJzQckeKfJGvpip9JIdiNpfD/3K9WHrnVkqDKJYkwNNBXsygDGFuIHQpJ1iyRAmEOVW7QjxEHGGpbK4qE8zZk+dF+6RuGnXz9rTWuCzsqIB9cACOgAnOQANcgyZoAQyewCv4AJ/as/aufWnf09IFrejZA39C+/kFjEusrA==</latexit><latexit sha1_base64="3ZoI4LgA/6SwjyP5VDpp/Ick63U=">AAACM3icbZBLS8NAEMc3Pmt9RT16WSyCIJREBL0IRS/iqYJ9QBvCZrNp124e7G6KMeQ7efGLeBDEgyJe/Q5u2hxi68Cyf34zw8z8nYhRIQ3jTVtYXFpeWa2sVdc3Nre29Z3dtghjjkkLhyzkXQcJwmhAWpJKRroRJ8h3GOk4o6s83xkTLmgY3MkkIpaPBgH1KEZSIVu/6Tshc0Xiqy8dZ/ACju2HMqMZPFYsKbP7KXsss1Fm6zWjbkwCzguzEDVQRNPWX/puiGOfBBIzJETPNCJppYhLihnJqv1YkAjhERqQnpIB8omw0snNGTxUxIVeyNULJJzQckeKfJGvpip9JIdiNpfD/3K9WHrnVkqDKJYkwNNBXsygDGFuIHQpJ1iyRAmEOVW7QjxEHGGpbK4qE8zZk+dF+6RuGnXz9rTWuCzsqIB9cACOgAnOQANcgyZoAQyewCv4AJ/as/aufWnf09IFrejZA39C+/kFjEusrA==</latexit>

✓ 2 [0, 180�)
<latexit sha1_base64="u18HB34IDX6lGgB9bowFVui5z+g=">AAACA3icbVBNS8NAEN3Ur1q/ot70slgEBSmJCPZY9OKxgv2AJJbNdtsu3WzC7kQooeDFv+LFgyJe/RPe/Ddu2xy09cHA470ZZuaFieAaHOfbKiwtr6yuFddLG5tb2zv27l5Tx6mirEFjEat2SDQTXLIGcBCsnShGolCwVji8nvitB6Y0j+UdjBIWRKQveY9TAkbq2Ac+DBgQ7HOJPefMrTr3mU+5ouPTjl12Ks4UeJG4OSmjHPWO/eV3Y5pGTAIV RGvPdRIIMqKAU8HGJT/VLCF0SPrMM1SSiOkgm/4wxsdG6eJerExJwFP190RGIq1HUWg6IwIDPe9NxP88L4VeNci4TFJgks4W9VKBIcaTQHCXK0ZBjAwhVHFzK6YDoggFE1vJhODOv7xImucV16m4txfl2lUeRxEdoiN0glx0iWroBtVRA1H0iJ7RK3qznqwX6936mLUWrHxmH/2B9fkD4OOWYA==</latexit><latexit sha1_base64="u18HB34IDX6lGgB9bowFVui5z+g=">AAACA3icbVBNS8NAEN3Ur1q/ot70slgEBSmJCPZY9OKxgv2AJJbNdtsu3WzC7kQooeDFv+LFgyJe/RPe/Ddu2xy09cHA470ZZuaFieAaHOfbKiwtr6yuFddLG5tb2zv27l5Tx6mirEFjEat2SDQTXLIGcBCsnShGolCwVji8nvitB6Y0j+UdjBIWRKQveY9TAkbq2Ac+DBgQ7HOJPefMrTr3mU+5ouPTjl12Ks4UeJG4OSmjHPWO/eV3Y5pGTAIV RGvPdRIIMqKAU8HGJT/VLCF0SPrMM1SSiOkgm/4wxsdG6eJerExJwFP190RGIq1HUWg6IwIDPe9NxP88L4VeNci4TFJgks4W9VKBIcaTQHCXK0ZBjAwhVHFzK6YDoggFE1vJhODOv7xImucV16m4txfl2lUeRxEdoiN0glx0iWroBtVRA1H0iJ7RK3qznqwX6936mLUWrHxmH/2B9fkD4OOWYA==</latexit><latexit sha1_base64="u18HB34IDX6lGgB9bowFVui5z+g=">AAACA3icbVBNS8NAEN3Ur1q/ot70slgEBSmJCPZY9OKxgv2AJJbNdtsu3WzC7kQooeDFv+LFgyJe/RPe/Ddu2xy09cHA470ZZuaFieAaHOfbKiwtr6yuFddLG5tb2zv27l5Tx6mirEFjEat2SDQTXLIGcBCsnShGolCwVji8nvitB6Y0j+UdjBIWRKQveY9TAkbq2Ac+DBgQ7HOJPefMrTr3mU+5ouPTjl12Ks4UeJG4OSmjHPWO/eV3Y5pGTAIV RGvPdRIIMqKAU8HGJT/VLCF0SPrMM1SSiOkgm/4wxsdG6eJerExJwFP190RGIq1HUWg6IwIDPe9NxP88L4VeNci4TFJgks4W9VKBIcaTQHCXK0ZBjAwhVHFzK6YDoggFE1vJhODOv7xImucV16m4txfl2lUeRxEdoiN0glx0iWroBtVRA1H0iJ7RK3qznqwX6936mLUWrHxmH/2B9fkD4OOWYA==</latexit><latexit sha1_base64="u18HB34IDX6lGgB9bowFVui5z+g=">AAACA3icbVBNS8NAEN3Ur1q/ot70slgEBSmJCPZY9OKxgv2AJJbNdtsu3WzC7kQooeDFv+LFgyJe/RPe/Ddu2xy09cHA470ZZuaFieAaHOfbKiwtr6yuFddLG5tb2zv27l5Tx6mirEFjEat2SDQTXLIGcBCsnShGolCwVji8nvitB6Y0j+UdjBIWRKQveY9TAkbq2Ac+DBgQ7HOJPefMrTr3mU+5ouPTjl12Ks4UeJG4OSmjHPWO/eV3Y5pGTAIV RGvPdRIIMqKAU8HGJT/VLCF0SPrMM1SSiOkgm/4wxsdG6eJerExJwFP190RGIq1HUWg6IwIDPe9NxP88L4VeNci4TFJgks4W9VKBIcaTQHCXK0ZBjAwhVHFzK6YDoggFE1vJhODOv7xImucV16m4txfl2lUeRxEdoiN0glx0iWroBtVRA1H0iJ7RK3qznqwX6936mLUWrHxmH/2B9fkD4OOWYA==</latexit>

� 2 [0, 360�)
<latexit sha1_base64="3CkWVDhsi+JJcUtlFYGJvMPX6mo=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLoCBloqIui25cVrAPSGKZTCft0MkkzEyEErLxV9y4UMStn+HOv3HaZqGtBy4czrmXe+8JEs6URujbKi0sLi2vlFcra+sbm1v29k5LxakktEliHstOgBXlTNCmZprTTiIpjgJO28HwZuy3H6lULBb3epRQP8J9wUJGsDZS197zkgGDHhMuOjm7QA+ZR5gk+XHXrqIa mgDOE6cgVVCg0bW/vF5M0ogKTThWynVQov0MS80Ip3nFSxVNMBniPnUNFTiiys8mD+Tw0Cg9GMbSlNBwov6eyHCk1CgKTGeE9UDNemPxP89NdXjlZ0wkqaaCTBeFKYc6huM0YI9JSjQfGYKJZOZWSAZYYqJNZhUTgjP78jxpndYcVHPuzqv16yKOMtgHB+AIOOAS1MEtaIAmICAHz+AVvFlP1ov1bn1MW0tWMbML/sD6/AHktpVN</latexit><latexit sha1_base64="3CkWVDhsi+JJcUtlFYGJvMPX6mo=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLoCBloqIui25cVrAPSGKZTCft0MkkzEyEErLxV9y4UMStn+HOv3HaZqGtBy4czrmXe+8JEs6URujbKi0sLi2vlFcra+sbm1v29k5LxakktEliHstOgBXlTNCmZprTTiIpjgJO28HwZuy3H6lULBb3epRQP8J9wUJGsDZS197zkgGDHhMuOjm7QA+ZR5gk+XHXrqIa mgDOE6cgVVCg0bW/vF5M0ogKTThWynVQov0MS80Ip3nFSxVNMBniPnUNFTiiys8mD+Tw0Cg9GMbSlNBwov6eyHCk1CgKTGeE9UDNemPxP89NdXjlZ0wkqaaCTBeFKYc6huM0YI9JSjQfGYKJZOZWSAZYYqJNZhUTgjP78jxpndYcVHPuzqv16yKOMtgHB+AIOOAS1MEtaIAmICAHz+AVvFlP1ov1bn1MW0tWMbML/sD6/AHktpVN</latexit><latexit sha1_base64="3CkWVDhsi+JJcUtlFYGJvMPX6mo=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLoCBloqIui25cVrAPSGKZTCft0MkkzEyEErLxV9y4UMStn+HOv3HaZqGtBy4czrmXe+8JEs6URujbKi0sLi2vlFcra+sbm1v29k5LxakktEliHstOgBXlTNCmZprTTiIpjgJO28HwZuy3H6lULBb3epRQP8J9wUJGsDZS197zkgGDHhMuOjm7QA+ZR5gk+XHXrqIa mgDOE6cgVVCg0bW/vF5M0ogKTThWynVQov0MS80Ip3nFSxVNMBniPnUNFTiiys8mD+Tw0Cg9GMbSlNBwov6eyHCk1CgKTGeE9UDNemPxP89NdXjlZ0wkqaaCTBeFKYc6huM0YI9JSjQfGYKJZOZWSAZYYqJNZhUTgjP78jxpndYcVHPuzqv16yKOMtgHB+AIOOAS1MEtaIAmICAHz+AVvFlP1ov1bn1MW0tWMbML/sD6/AHktpVN</latexit><latexit sha1_base64="3CkWVDhsi+JJcUtlFYGJvMPX6mo=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLoCBloqIui25cVrAPSGKZTCft0MkkzEyEErLxV9y4UMStn+HOv3HaZqGtBy4czrmXe+8JEs6URujbKi0sLi2vlFcra+sbm1v29k5LxakktEliHstOgBXlTNCmZprTTiIpjgJO28HwZuy3H6lULBb3epRQP8J9wUJGsDZS197zkgGDHhMuOjm7QA+ZR5gk+XHXrqIa mgDOE6cgVVCg0bW/vF5M0ogKTThWynVQov0MS80Ip3nFSxVNMBniPnUNFTiiys8mD+Tw0Cg9GMbSlNBwov6eyHCk1CgKTGeE9UDNemPxP89NdXjlZ0wkqaaCTBeFKYc6huM0YI9JSjQfGYKJZOZWSAZYYqJNZhUTgjP78jxpndYcVHPuzqv16yKOMtgHB+AIOOAS1MEtaIAmICAHz+AVvFlP1ov1bn1MW0tWMbML/sD6/AHktpVN</latexit>



Conductivity Tensor Rotation

v = vxi+ vyj + vzk
<latexit sha1_base64="3ZoI4LgA/6SwjyP5VDpp/Ick63U=">AAACM3icbZBLS8NAEMc3Pmt9RT16WSyCIJREBL0IRS/iqYJ9QBvCZrNp124e7G6KMeQ7efGLeBDEgyJe/Q5u2hxi68Cyf34zw8z8nYhRIQ3jTVtYXFpeWa2sVdc3Nre29Z3dtghjjkkLhyzkXQcJwmhAWpJKRroRJ8h3GOk4o6s83xkTLmgY3MkkIpaPBgH1KEZSIVu/6Tshc0Xiqy8dZ/ACju2HMqMZPFYsKbP7KXsss1Fm6zWjbkwCzguzEDVQRNPWX/puiGOfBBIzJETPNCJppYhLihnJqv1YkAjhERqQnpIB8omw0snNGTxUxIVeyNULJJzQckeKfJGvpip9JIdiNpfD/3K9WHrnVkqDKJYkwNNBXsygDGFuIHQpJ1iyRAmEOVW7QjxEHGGpbK4qE8zZk+dF+6RuGnXz9rTWuCzsqIB9cACOgAnOQANcgyZoAQyewCv4AJ/as/aufWnf09IFrejZA39C+/kFjEusrA==</latexit><latexit sha1_base64="3ZoI4LgA/6SwjyP5VDpp/Ick63U=">AAACM3icbZBLS8NAEMc3Pmt9RT16WSyCIJREBL0IRS/iqYJ9QBvCZrNp124e7G6KMeQ7efGLeBDEgyJe/Q5u2hxi68Cyf34zw8z8nYhRIQ3jTVtYXFpeWa2sVdc3Nre29Z3dtghjjkkLhyzkXQcJwmhAWpJKRroRJ8h3GOk4o6s83xkTLmgY3MkkIpaPBgH1KEZSIVu/6Tshc0Xiqy8dZ/ACju2HMqMZPFYsKbP7KXsss1Fm6zWjbkwCzguzEDVQRNPWX/puiGOfBBIzJETPNCJppYhLihnJqv1YkAjhERqQnpIB8omw0snNGTxUxIVeyNULJJzQckeKfJGvpip9JIdiNpfD/3K9WHrnVkqDKJYkwNNBXsygDGFuIHQpJ1iyRAmEOVW7QjxEHGGpbK4qE8zZk+dF+6RuGnXz9rTWuCzsqIB9cACOgAnOQANcgyZoAQyewCv4AJ/as/aufWnf09IFrejZA39C+/kFjEusrA==</latexit><latexit sha1_base64="3ZoI4LgA/6SwjyP5VDpp/Ick63U=">AAACM3icbZBLS8NAEMc3Pmt9RT16WSyCIJREBL0IRS/iqYJ9QBvCZrNp124e7G6KMeQ7efGLeBDEgyJe/Q5u2hxi68Cyf34zw8z8nYhRIQ3jTVtYXFpeWa2sVdc3Nre29Z3dtghjjkkLhyzkXQcJwmhAWpJKRroRJ8h3GOk4o6s83xkTLmgY3MkkIpaPBgH1KEZSIVu/6Tshc0Xiqy8dZ/ACju2HMqMZPFYsKbP7KXsss1Fm6zWjbkwCzguzEDVQRNPWX/puiGOfBBIzJETPNCJppYhLihnJqv1YkAjhERqQnpIB8omw0snNGTxUxIVeyNULJJzQckeKfJGvpip9JIdiNpfD/3K9WHrnVkqDKJYkwNNBXsygDGFuIHQpJ1iyRAmEOVW7QjxEHGGpbK4qE8zZk+dF+6RuGnXz9rTWuCzsqIB9cACOgAnOQANcgyZoAQyewCv4AJ/as/aufWnf09IFrejZA39C+/kFjEusrA==</latexit><latexit sha1_base64="3ZoI4LgA/6SwjyP5VDpp/Ick63U=">AAACM3icbZBLS8NAEMc3Pmt9RT16WSyCIJREBL0IRS/iqYJ9QBvCZrNp124e7G6KMeQ7efGLeBDEgyJe/Q5u2hxi68Cyf34zw8z8nYhRIQ3jTVtYXFpeWa2sVdc3Nre29Z3dtghjjkkLhyzkXQcJwmhAWpJKRroRJ8h3GOk4o6s83xkTLmgY3MkkIpaPBgH1KEZSIVu/6Tshc0Xiqy8dZ/ACju2HMqMZPFYsKbP7KXsss1Fm6zWjbkwCzguzEDVQRNPWX/puiGOfBBIzJETPNCJppYhLihnJqv1YkAjhERqQnpIB8omw0snNGTxUxIVeyNULJJzQckeKfJGvpip9JIdiNpfD/3K9WHrnVkqDKJYkwNNBXsygDGFuIHQpJ1iyRAmEOVW7QjxEHGGpbK4qE8zZk+dF+6RuGnXz9rTWuCzsqIB9cACOgAnOQANcgyZoAQyewCv4AJ/as/aufWnf09IFrejZA39C+/kFjEusrA==</latexit>

k00 =

2

4
kLong. 0 0

0 kTrans. 0
0 0 kTrans.

3

5

<latexit sha1_base64="613wfRW+Dlrdf+9rD5u2Jsrz6zs="></latexit><latexit sha1_base64="613wfRW+Dlrdf+9rD5u2Jsrz6zs="></latexit><latexit sha1_base64="613wfRW+Dlrdf+9rD5u2Jsrz6zs="></latexit><latexit sha1_base64="613wfRW+Dlrdf+9rD5u2Jsrz6zs="></latexit>

R =

2

4
cos ✓ 0 � sin ✓
0 1 0

sin ✓ 0 cos ✓

3

5

2

4
cos� sin� 0
� sin� cos� 0

0 0 1

3

5

<latexit sha1_base64="Ataz/+A6KalsjdqCcq6ZyHDrB+4="></latexit><latexit sha1_base64="Ataz/+A6KalsjdqCcq6ZyHDrB+4="></latexit><latexit sha1_base64="Ataz/+A6KalsjdqCcq6ZyHDrB+4="></latexit><latexit sha1_base64="Ataz/+A6KalsjdqCcq6ZyHDrB+4="></latexit>

✓ = arcsin vz
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FiberForm 8003

F. Panerai et al., Micro-tomography based analysis of thermal conductivity, 
diffusivity and oxidation behavious of rigid and flexible fibrous insulators, 
Int. Journal of Heat and Mass Transfer, 108-801-811, 2017.
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Radiation Model
• Marching Cubes for surface triangulation

• The total heat flux is computed by iteratively 
solving the sparse coupled linear system:

• View Factors are determined by projecting 
rays from each surface as:

Fij =
1

Ai

Z

Ai

Z

Aj

|n̂i · r̂ij ||n̂j · r̂ij |
|~rij |2

dAjdAi
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i
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n̂j

n̂i

Total radiation
from surface i

Emitted
radiation

Reflected
radiation

Ti:   Temperature of surface i
!i:   Emissivity of surface i
Fij:  View Factor, fraction of radiation

from surface j reaching surface i)



Heat Transfer Calculation
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