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Modeling Thermal Protection Systems

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
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X-Ray Microtomography

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)
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Porous Microstructure Analysis (PuMA)
New features in Version 3:

• Modular C++ library
• Redesigned GUI

• Wrapped as Python module

• Linux and Mac compatibility 

CT Reconstruction of  FiberForm

Material Properties
Ø Volume Fraction and Surface Area

Ø Pore Diameter Estimation and Filling
Ø Tortuosity (continuum and rarefied)
Ø Computation of  Material Orientation

Ø Conductivity (isotropic and anisotropic)
Ø Elasticity and Stress Analysis

Domain 
Generation

Ø Artificial Materials:
Ø Weaves

Ø Random Fibers
Ø Foams

Ø Analytical shapes

Ø Micro-CT Import and Filtering
Ø

Shared Utilities
Ø Matrix and Vector data 

structures/operations

Ø Linear solvers

Ø Iso-surface extraction 

Ø Import/Export to binary, 

TIFF, STL, VTK formats
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A Multiscale Problem
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Effective properties for fibrous media
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Numerical
Analytical

Semeraro, F., Ferguson , J.C, Acin, M., Panerai, F. and Mansour, N.N., Anisotropic analysis of fibrous and woven materials 
part 2: Computation of effective conductivity. Computational Materials Science, 186, p.109956. (2021)

Semeraro, F., Ferguson, J.C., Panerai, F., King, R.J. and Mansour, N.N., Anisotropic analysis of fibrous and woven materials 
part 1: Estimation of local orientation. Computational Materials Science, 178, p.109631. (2020)
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Fiber Orientation Methods

v
<latexit sha1_base64="iknRAmzm4Ei5LEqOYuxGPEPxo7A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiYGOZgPmA5Ah7m7lkzd7esbsXCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0UNja3tneKu6W9/YPDo/LxSUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH4/u5356g0jyWj2aaoB/RoeQhZ9RYqTHplytu1V2ArBMvJxXIUe+Xv3qDmKURSsME1brruYnxM6oMZwJnpV6qMaFsTIfYtVTSCLWfLQ6dkQurDEgYK1vSkIX6eyKjkdbTKLCdETUjverNxf+8bmrCWz/jMkkNSrZcFKaCmJjMvyYDrpAZMbWEMsXtrYSNqKLM2GxKNgRv9eV10rqqem7Va1xXand5HEU4g3O4BA9uoAYPUIcmMEB4hld4c56cF+fd+Vi2Fpx85hT+wPn8AeFjjPQ=</latexit><latexit sha1_base64="iknRAmzm4Ei5LEqOYuxGPEPxo7A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiYGOZgPmA5Ah7m7lkzd7esbsXCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0UNja3tneKu6W9/YPDo/LxSUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH4/u5356g0jyWj2aaoB/RoeQhZ9RYqTHplytu1V2ArBMvJxXIUe+Xv3qDmKURSsME1brruYnxM6oMZwJnpV6qMaFsTIfYtVTSCLWfLQ6dkQurDEgYK1vSkIX6eyKjkdbTKLCdETUjverNxf+8bmrCWz/jMkkNSrZcFKaCmJjMvyYDrpAZMbWEMsXtrYSNqKLM2GxKNgRv9eV10rqqem7Va1xXand5HEU4g3O4BA9uoAYPUIcmMEB4hld4c56cF+fd+Vi2Fpx85hT+wPn8AeFjjPQ=</latexit><latexit sha1_base64="iknRAmzm4Ei5LEqOYuxGPEPxo7A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiYGOZgPmA5Ah7m7lkzd7esbsXCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0UNja3tneKu6W9/YPDo/LxSUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH4/u5356g0jyWj2aaoB/RoeQhZ9RYqTHplytu1V2ArBMvJxXIUe+Xv3qDmKURSsME1brruYnxM6oMZwJnpV6qMaFsTIfYtVTSCLWfLQ6dkQurDEgYK1vSkIX6eyKjkdbTKLCdETUjverNxf+8bmrCWz/jMkkNSrZcFKaCmJjMvyYDrpAZMbWEMsXtrYSNqKLM2GxKNgRv9eV10rqqem7Va1xXand5HEU4g3O4BA9uoAYPUIcmMEB4hld4c56cF+fd+Vi2Fpx85hT+wPn8AeFjjPQ=</latexit><latexit sha1_base64="iknRAmzm4Ei5LEqOYuxGPEPxo7A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiYGOZgPmA5Ah7m7lkzd7esbsXCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0UNja3tneKu6W9/YPDo/LxSUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH4/u5356g0jyWj2aaoB/RoeQhZ9RYqTHplytu1V2ArBMvJxXIUe+Xv3qDmKURSsME1brruYnxM6oMZwJnpV6qMaFsTIfYtVTSCLWfLQ6dkQurDEgYK1vSkIX6eyKjkdbTKLCdETUjverNxf+8bmrCWz/jMkkNSrZcFKaCmJjMvyYDrpAZMbWEMsXtrYSNqKLM2GxKNgRv9eV10rqqem7Va1xXand5HEU4g3O4BA9uoAYPUIcmMEB4hld4c56cF+fd+Vi2Fpx85hT+wPn8AeFjjPQ=</latexit>

Structure Tensor

(I(x+ v)� I(x))2 ⇡ 0
<latexit sha1_base64="zNbTdlEF5BYrdnmg/PDxjJ4GvOo=">AAACAnicbVDLSgMxFM3UV62vUVfiJliEFrHMFEEXLgpudFfBPqAdSybNtKGZSUgypWUobvwVNy4UcetXuPNvTNtZaPXA5R7OuZfkHl8wqrTjfFmZpeWV1bXsem5jc2t7x97dqyseS0xqmDMumz5ShNGI1DTVjDSFJCj0GWn4g6up3xgSqSiP7vRYEC9EvYgGFCNtpI59ULgpjE6GxVPTisX7MmwjISQfQadj552SMwP8S9yU5EGKasf+bHc5jkMSacyQUi3XEdpLkNQUMzLJtWNFBMID1CMtQyMUEuUlsxMm8NgoXRhwaSrScKb+3EhQqNQ49M1kiHRfLXpT8T+vFevgwktoJGJNIjx/KIgZ1BxO84BdKgnWbGwIwpKav0LcRxJhbVLLmRDcxZP/knq55Dol9/YsX7lM48iCQ3AECsAF56ACrkEV1AAGD+AJvIBX69F6tt6s9/loxkp39sEvWB/fYuqU2A==</latexit><latexit sha1_base64="zNbTdlEF5BYrdnmg/PDxjJ4GvOo=">AAACAnicbVDLSgMxFM3UV62vUVfiJliEFrHMFEEXLgpudFfBPqAdSybNtKGZSUgypWUobvwVNy4UcetXuPNvTNtZaPXA5R7OuZfkHl8wqrTjfFmZpeWV1bXsem5jc2t7x97dqyseS0xqmDMumz5ShNGI1DTVjDSFJCj0GWn4g6up3xgSqSiP7vRYEC9EvYgGFCNtpI59ULgpjE6GxVPTisX7MmwjISQfQadj552SMwP8S9yU5EGKasf+bHc5jkMSacyQUi3XEdpLkNQUMzLJtWNFBMID1CMtQyMUEuUlsxMm8NgoXRhwaSrScKb+3EhQqNQ49M1kiHRfLXpT8T+vFevgwktoJGJNIjx/KIgZ1BxO84BdKgnWbGwIwpKav0LcRxJhbVLLmRDcxZP/knq55Dol9/YsX7lM48iCQ3AECsAF56ACrkEV1AAGD+AJvIBX69F6tt6s9/loxkp39sEvWB/fYuqU2A==</latexit><latexit sha1_base64="zNbTdlEF5BYrdnmg/PDxjJ4GvOo=">AAACAnicbVDLSgMxFM3UV62vUVfiJliEFrHMFEEXLgpudFfBPqAdSybNtKGZSUgypWUobvwVNy4UcetXuPNvTNtZaPXA5R7OuZfkHl8wqrTjfFmZpeWV1bXsem5jc2t7x97dqyseS0xqmDMumz5ShNGI1DTVjDSFJCj0GWn4g6up3xgSqSiP7vRYEC9EvYgGFCNtpI59ULgpjE6GxVPTisX7MmwjISQfQadj552SMwP8S9yU5EGKasf+bHc5jkMSacyQUi3XEdpLkNQUMzLJtWNFBMID1CMtQyMUEuUlsxMm8NgoXRhwaSrScKb+3EhQqNQ49M1kiHRfLXpT8T+vFevgwktoJGJNIjx/KIgZ1BxO84BdKgnWbGwIwpKav0LcRxJhbVLLmRDcxZP/knq55Dol9/YsX7lM48iCQ3AECsAF56ACrkEV1AAGD+AJvIBX69F6tt6s9/loxkp39sEvWB/fYuqU2A==</latexit><latexit sha1_base64="zNbTdlEF5BYrdnmg/PDxjJ4GvOo=">AAACAnicbVDLSgMxFM3UV62vUVfiJliEFrHMFEEXLgpudFfBPqAdSybNtKGZSUgypWUobvwVNy4UcetXuPNvTNtZaPXA5R7OuZfkHl8wqrTjfFmZpeWV1bXsem5jc2t7x97dqyseS0xqmDMumz5ShNGI1DTVjDSFJCj0GWn4g6up3xgSqSiP7vRYEC9EvYgGFCNtpI59ULgpjE6GxVPTisX7MmwjISQfQadj552SMwP8S9yU5EGKasf+bHc5jkMSacyQUi3XEdpLkNQUMzLJtWNFBMID1CMtQyMUEuUlsxMm8NgoXRhwaSrScKb+3EhQqNQ49M1kiHRfLXpT8T+vFevgwktoJGJNIjx/KIgZ1BxO84BdKgnWbGwIwpKav0LcRxJhbVLLmRDcxZP/knq55Dol9/YsX7lM48iCQ3AECsAF56ACrkEV1AAGD+AJvIBX69F6tt6s9/loxkp39sEvWB/fYuqU2A==</latexit>

"!"#$ = 0

"%"&#$ = 1

Artificial Flux Ray Casting

CGLS
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Workflow for Weave Orientation

Individual tow segmentation

Mean Filtering

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>

q =
⇥
R�1k00R

⇤
| {z }

k

rT

<latexit sha1_base64="i4QZX0XovBwEwrDv4wn00zSWGQ4="></latexit><latexit sha1_base64="i4QZX0XovBwEwrDv4wn00zSWGQ4="></latexit><latexit sha1_base64="i4QZX0XovBwEwrDv4wn00zSWGQ4="></latexit><latexit sha1_base64="i4QZX0XovBwEwrDv4wn00zSWGQ4="></latexit>
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Effective Thermal Conductivity

CGLS
keff = qx · Lx

<latexit sha1_base64="Q0zXVUzK7W85k9ztsoEQsGBXg2I=">AAACDHicbVC7TsMwFHXKq5RXgZHFokJiqhKEBAtSJRYGhiLRh9SUyHGc1qpjB9tBraJ8AAu/wsIAQqx8ABt/g9NmgJYrWT4651zde48fM6q0bX9bpaXlldW18nplY3Nre6e6u9dWIpGYtLBgQnZ9pAijnLQ01Yx0Y0lQ5DPS8UeXud55IFJRwW/1JCb9CA04DSlG2lBeteb6ggVqEpkvHWVeSsIwgxfw/m7s4kBoeO2Njcuu29OCi8ApQA0U1fSqX24gcBIRrjFDSvUcO9b9FElNMSNZxU0UiREeoQHpGchRRFQ/nR6TwSPDBDAU0jyu4ZT93ZGiSOX7GmeE9FDNazn5n9ZLdHjeTymPE004ng0KEwa1gHkyMKCSYM0mBiAsqdkV4iGSCGuTX8WE4MyfvAjaJ3XHrjs3p7WGXcRRBgfgEBwDB5yBBrgCTdACGDyCZ/AK3qwn68V6tz5m1pJV9OyDP2V9/gAHJZuC</latexit><latexit sha1_base64="Q0zXVUzK7W85k9ztsoEQsGBXg2I=">AAACDHicbVC7TsMwFHXKq5RXgZHFokJiqhKEBAtSJRYGhiLRh9SUyHGc1qpjB9tBraJ8AAu/wsIAQqx8ABt/g9NmgJYrWT4651zde48fM6q0bX9bpaXlldW18nplY3Nre6e6u9dWIpGYtLBgQnZ9pAijnLQ01Yx0Y0lQ5DPS8UeXud55IFJRwW/1JCb9CA04DSlG2lBeteb6ggVqEpkvHWVeSsIwgxfw/m7s4kBoeO2Njcuu29OCi8ApQA0U1fSqX24gcBIRrjFDSvUcO9b9FElNMSNZxU0UiREeoQHpGchRRFQ/nR6TwSPDBDAU0jyu4ZT93ZGiSOX7GmeE9FDNazn5n9ZLdHjeTymPE004ng0KEwa1gHkyMKCSYM0mBiAsqdkV4iGSCGuTX8WE4MyfvAjaJ3XHrjs3p7WGXcRRBgfgEBwDB5yBBrgCTdACGDyCZ/AK3qwn68V6tz5m1pJV9OyDP2V9/gAHJZuC</latexit><latexit sha1_base64="Q0zXVUzK7W85k9ztsoEQsGBXg2I=">AAACDHicbVC7TsMwFHXKq5RXgZHFokJiqhKEBAtSJRYGhiLRh9SUyHGc1qpjB9tBraJ8AAu/wsIAQqx8ABt/g9NmgJYrWT4651zde48fM6q0bX9bpaXlldW18nplY3Nre6e6u9dWIpGYtLBgQnZ9pAijnLQ01Yx0Y0lQ5DPS8UeXud55IFJRwW/1JCb9CA04DSlG2lBeteb6ggVqEpkvHWVeSsIwgxfw/m7s4kBoeO2Njcuu29OCi8ApQA0U1fSqX24gcBIRrjFDSvUcO9b9FElNMSNZxU0UiREeoQHpGchRRFQ/nR6TwSPDBDAU0jyu4ZT93ZGiSOX7GmeE9FDNazn5n9ZLdHjeTymPE004ng0KEwa1gHkyMKCSYM0mBiAsqdkV4iGSCGuTX8WE4MyfvAjaJ3XHrjs3p7WGXcRRBgfgEBwDB5yBBrgCTdACGDyCZ/AK3qwn68V6tz5m1pJV9OyDP2V9/gAHJZuC</latexit><latexit sha1_base64="Q0zXVUzK7W85k9ztsoEQsGBXg2I=">AAACDHicbVC7TsMwFHXKq5RXgZHFokJiqhKEBAtSJRYGhiLRh9SUyHGc1qpjB9tBraJ8AAu/wsIAQqx8ABt/g9NmgJYrWT4651zde48fM6q0bX9bpaXlldW18nplY3Nre6e6u9dWIpGYtLBgQnZ9pAijnLQ01Yx0Y0lQ5DPS8UeXud55IFJRwW/1JCb9CA04DSlG2lBeteb6ggVqEpkvHWVeSsIwgxfw/m7s4kBoeO2Njcuu29OCi8ApQA0U1fSqX24gcBIRrjFDSvUcO9b9FElNMSNZxU0UiREeoQHpGchRRFQ/nR6TwSPDBDAU0jyu4ZT93ZGiSOX7GmeE9FDNazn5n9ZLdHjeTymPE004ng0KEwa1gHkyMKCSYM0mBiAsqdkV4iGSCGuTX8WE4MyfvAjaJ3XHrjs3p7WGXcRRBgfgEBwDB5yBBrgCTdACGDyCZ/AK3qwn68V6tz5m1pJV9OyDP2V9/gAHJZuC</latexit>

Multi-Point Flux Approximation (MPFA):

r · q = 0
<latexit sha1_base64="XEpR7tZYfebJ/c5LXDi9mvj0cxE=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBVZmpgiIIBTcuK9gHdIaSyWTa0EwyJhmhDF268VfcuFDErZ/gzr8x085CWw+EHM65l3vvCRJGlXacb6u0tLyyulZer2xsbm3v2Lt7bSVSiUkLCyZkN0CKMMpJS1PNSDeRBMUBI51gdJ37nQciFRX8To8T4sdowGlEMdJG6tuHHkcBQ9DDodDQCwQL1Tg2X3Y/gVfQ6dtVp+ZMAReJW5AqKNDs219eKHAaE64xQ0r1XCfRfoakppiRScVLFUkQHqEB6RnKUUyUn00PmcBjo4QwEtI8ruFU/d2RoVjl65nKGOmhmvdy8T+vl+rows8oT1JNOJ4NilIGtYB5KjCkkmDNxoYgLKnZFeIhkghrk13FhODOn7xI2vWae1qr355VG5dFHGVwAI7ACXDBOWiAG9AELYDBI3gGr+DNerJerHfrY1ZasoqeffAH1ucPyYiZJg==</latexit>

q(x, t) = E(x)TN (x, t)
<latexit sha1_base64="olOgWaDsFtrqhUqxqIZH+lO3/Nc=">AAACKXicbZBLS8NAEMc3Pmt9RT16WSxCC6UkIuhFKIrgSSr0BU0tm+22XbrZxN2NWEK+jhe/ihcFRb36RdymOfThwLJ/fjPDzPzdgFGpLOvbWFpeWV1bz2xkN7e2d3bNvf269EOBSQ37zBdNF0nCKCc1RRUjzUAQ5LmMNNzh1TjfeCRCUp9X1SggbQ/1Oe1RjJRGHbPsuD7rypGnv+ghzj8VVQFewGl6rWkBOsUZWI3vb5PijpmzSlYScFHYqciBNCod893p+jj0CFeYISlbthWodoSEopiROOuEkgQID1GftLTkyCOyHSWXxvBYky7s+UI/rmBCpzsi5MnxhrrSQ2og53Nj+F+uFareeTuiPAgV4XgyqBcyqHw4tg12qSBYsZEWCAuqd4V4gATCSpub1SbY8ycvivpJybZK9t1prnyZ2pEBh+AI5IENzkAZ3IAKqAEMnsEr+ACfxovxZnwZP5PSJSPtOQAzYfz+Ae7MpmI=</latexit><latexit sha1_base64="olOgWaDsFtrqhUqxqIZH+lO3/Nc=">AAACKXicbZBLS8NAEMc3Pmt9RT16WSxCC6UkIuhFKIrgSSr0BU0tm+22XbrZxN2NWEK+jhe/ihcFRb36RdymOfThwLJ/fjPDzPzdgFGpLOvbWFpeWV1bz2xkN7e2d3bNvf269EOBSQ37zBdNF0nCKCc1RRUjzUAQ5LmMNNzh1TjfeCRCUp9X1SggbQ/1Oe1RjJRGHbPsuD7rypGnv+ghzj8VVQFewGl6rWkBOsUZWI3vb5PijpmzSlYScFHYqciBNCod893p+jj0CFeYISlbthWodoSEopiROOuEkgQID1GftLTkyCOyHSWXxvBYky7s+UI/rmBCpzsi5MnxhrrSQ2og53Nj+F+uFareeTuiPAgV4XgyqBcyqHw4tg12qSBYsZEWCAuqd4V4gATCSpub1SbY8ycvivpJybZK9t1prnyZ2pEBh+AI5IENzkAZ3IAKqAEMnsEr+ACfxovxZnwZP5PSJSPtOQAzYfz+Ae7MpmI=</latexit><latexit sha1_base64="olOgWaDsFtrqhUqxqIZH+lO3/Nc=">AAACKXicbZBLS8NAEMc3Pmt9RT16WSxCC6UkIuhFKIrgSSr0BU0tm+22XbrZxN2NWEK+jhe/ihcFRb36RdymOfThwLJ/fjPDzPzdgFGpLOvbWFpeWV1bz2xkN7e2d3bNvf269EOBSQ37zBdNF0nCKCc1RRUjzUAQ5LmMNNzh1TjfeCRCUp9X1SggbQ/1Oe1RjJRGHbPsuD7rypGnv+ghzj8VVQFewGl6rWkBOsUZWI3vb5PijpmzSlYScFHYqciBNCod893p+jj0CFeYISlbthWodoSEopiROOuEkgQID1GftLTkyCOyHSWXxvBYky7s+UI/rmBCpzsi5MnxhrrSQ2og53Nj+F+uFareeTuiPAgV4XgyqBcyqHw4tg12qSBYsZEWCAuqd4V4gATCSpub1SbY8ycvivpJybZK9t1prnyZ2pEBh+AI5IENzkAZ3IAKqAEMnsEr+ACfxovxZnwZP5PSJSPtOQAzYfz+Ae7MpmI=</latexit><latexit sha1_base64="olOgWaDsFtrqhUqxqIZH+lO3/Nc=">AAACKXicbZBLS8NAEMc3Pmt9RT16WSxCC6UkIuhFKIrgSSr0BU0tm+22XbrZxN2NWEK+jhe/ihcFRb36RdymOfThwLJ/fjPDzPzdgFGpLOvbWFpeWV1bz2xkN7e2d3bNvf269EOBSQ37zBdNF0nCKCc1RRUjzUAQ5LmMNNzh1TjfeCRCUp9X1SggbQ/1Oe1RjJRGHbPsuD7rypGnv+ghzj8VVQFewGl6rWkBOsUZWI3vb5PijpmzSlYScFHYqciBNCod893p+jj0CFeYISlbthWodoSEopiROOuEkgQID1GftLTkyCOyHSWXxvBYky7s+UI/rmBCpzsi5MnxhrrSQ2og53Nj+F+uFareeTuiPAgV4XgyqBcyqHw4tg12qSBYsZEWCAuqd4V4gATCSpub1SbY8ycvivpJybZK9t1prnyZ2pEBh+AI5IENzkAZ3IAKqAEMnsEr+ACfxovxZnwZP5PSJSPtOQAzYfz+Ae7MpmI=</latexit>
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Analytical

ki,j =


1 0.75

0.75 1

�
W

mK
<latexit sha1_base64="1AT9h5kecQ30OoDV9ulge4IKWzQ="></latexit>

ki,j =


20.8 18.1
18.1 83.6

�
W

mK
<latexit sha1_base64="CbCYd2AiwCQi4cuybLkC4eA6TPU="></latexit>

ki,j =


52.7 20.6
20.6 76.5

�
W

mK
<latexit sha1_base64="SEAGxyV0SshqvrwhOCvpisaKbRY="></latexit>

Verification against analytical solutions
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ADEPT Validation
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Single Fiber Conductivity Estimation

kortho
eff =

2

4
2.342 � �
� 1.766 �
� � 0.305

3

5 k12ply
eff =

2

4
2.184 � �
� 1.980 �
� � 0.394

3

5

<latexit sha1_base64="HDkOlA+Of71vKSTkL/MMUhoPHy4="></latexit>

[kweft
// , kweft

? ] = [5.4, 1.8] and [kwarp
// , kwarp

? ] = [7.7, 2.7]
W

mK
<latexit sha1_base64="8DvU60PhJqEJVjiwzDU3jToOXGk="></latexit>

k4ply
eff =

2

4
1.750 �0.032 �0.024

�0.093 1.490 0.002
0.039 0.001 0.193

3

5 W

mK
<latexit sha1_base64="vKzWdwjpQ3VJncP2NJQFQYKBqo4="></latexit>

k6ply
eff =

2

4
1.740 �0.141 �0.020

�0.105 1.710 �0.005
0.091 �0.023 0.200

3

5 W

mK
<latexit sha1_base64="ZdUOdrGyfs6z1KmuFn/JzfYbcs4="></latexit>

k8ply
eff =

2

4
1.830 �0.244 0.016

�0.192 1.510 0.005
0.039 0.000 0.231

3

5 W

mK
<latexit sha1_base64="KwjiWT0OOkXOvexKK9425HwMa7o="></latexit>

k12ply
eff =

2

4
2.310 �0.414 0.000

�0.524 2.030 0.071
0.007 0.005 0.504

3

5 W

mK
<latexit sha1_base64="hBNZj+RuGDxi3LK72zyLLAxa6F4="></latexit>

[k//, k?] = [9.7, 5.5]
W

mK
<latexit sha1_base64="aD/Zo0ssgR3s7Q2ThmbNWNTCdxI="></latexit>

Two experimental values at Room Temperature:
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Semeraro, F., Acin, M., Panerai, and Mansour, N.N., Anisotropic analysis of fibrous and woven materials 
part 3: Computation of effective elasticity. Computational Materials Science, (work in progress)

BiCGStab
Converged 

stresses

Ceff = �x · Lx
<latexit sha1_base64="9aybYf8j3gMqG2ajit+Foa79W1g=">AAACHnicbVDLSsNAFJ34rPVVdelmsAiuSlIVXSgUunHhooJ9QBPDZDJph04yYWYiLSFf4sZfceNCEcGV/o3TNovaemCYwzn3cu89XsyoVKb5Yywtr6yurRc2iptb2zu7pb39luSJwKSJOeOi4yFJGI1IU1HFSCcWBIUeI21vUB/77UciJOXRvRrFxAlRL6IBxUhpyS2d2x5nvhyF+kvrmZuSIMjgNZyVbUl7Icoehjb2uYK37tAtlc2KOQFcJFZOyiBHwy192T7HSUgihRmSsmuZsXJSJBTFjGRFO5EkRniAeqSraYRCIp10cl4Gj7Xiw4AL/SIFJ+psR4pCOV5VV4ZI9eW8Nxb/87qJCi6dlEZxokiEp4OChEHF4Tgr6FNBsGIjTRAWVO8KcR8JhJVOtKhDsOZPXiStasU6rVTvzsq1qzyOAjgER+AEWOAC1MANaIAmwOAJvIA38G48G6/Gh/E5LV0y8p4D8AfG9y8OKqOl</latexit>

Verification against analytical solution

�xx
<latexit sha1_base64="WIgE5P+Lp0yF8EqUrErHPCmyWuo=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBA8hd0o6MFDwIvHCOYByRJmJ7PJkHksM72SsOQzvHhQxKtf482/cZLsQRMLGoqqbrq7okRwC77/7a2tb2xubRd2irt7+weHpaPjptWpoaxBtdCmHRHLBFesARwEayeGERkJ1opGdzO/9cSM5Vo9wiRhoSQDxWNOCTip07V8IEkvG4+nvVLZr/hz4FUS5KSMctR7pa9uX9NUMgVUEGs7gZ9AmBEDnAo2LXZTyxJCR2TAOo4qIpkNs/nJU3zulD6OtXGlAM/V3xMZkdZOZOQ6JYGhXfZm4n9eJ4X4Jsy4SlJgii4WxanAoPHsf9znhlEQE0cINdzdiumQGELBpVR0IQTLL6+SZrUSXFaqD1fl2m0eRwGdojN0gQJ0jWroHtVRA1Gk0TN6RW8eeC/eu/exaF3z8pkT9Afe5w/Y55Ga</latexit>

�yy
<latexit sha1_base64="ggkeb/cWr4wKcMxmZ+zWeUw6nmk=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6MFDwIvHCOYByRJmJ7PJkHksM7PCsuQzvHhQxKtf482/cZLsQRMLGoqqbrq7ooQzY33/21tb39jc2i7tlHf39g8OK0fHbaNSTWiLKK50N8KGciZpyzLLaTfRFIuI0040uZv5nSeqDVPy0WYJDQUeSRYzgq2Ten3DRgIP8iybDipVv+bPgVZJUJAqFGgOKl/9oSKpoNISjo3pBX5iwxxrywin03I/NTTBZIJHtOeoxIKaMJ+fPEXnThmiWGlX0qK5+nsix8KYTESuU2A7NsveTPzP66U2vglzJpPUUkkWi+KUI6vQ7H80ZJoSyzNHMNHM3YrIGGtMrEup7EIIll9eJe16Lbis1R+uqo3bIo4SnMIZXEAA19CAe2hCCwgoeIZXePOs9+K9ex+L1jWvmDmBP/A+fwDb8pGc</latexit>

Multi-Point Stress 
Approximation (MPSA)

Effective Elasticity
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Application motivation

Vitreous carbonPreform carbon
SPI SuppliesImage courtesy: Prof. Panerai

Objectives: 

• Characterize recession/ablation of  carbon surface coated with 
NuSil due to oxidation

• Develop a predictive model for use in microscopic (DSMC, 
PuMA) and macroscopic (CFD, MRC) solvers

Murray et al
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Surface chemistry framework 
• Methodology to represent surface sites similar to Marschall, Maclean and Driver [4] for CFD.

• Particles adsorbed (deleted) and desorbed (created), surface element stores adsorbed particle concentration. 

• Surface reactions based on concentration within surface element. 

• Multiple triangulated elements (like cells) on surfaces

• Langmuir model for surface sites.

taken from Marschall and Maclean.

Marschall, J., & MacLean, M. (2011). Finite-rate surface chemistry model, I: Formulation and reaction system examples. AIAA Paper, 3783, 2011.
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PuMA simulation 
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Molecular Beam Experimental Setup 

Thermally desorbed (TD) prompt
- MB distribution

Impulsively scattered (IS)
/non-thermal

TD Slow desorbing

Murray, V J., et al. The Journal of  Physical Chemistry C 119.26 (2015): 14780-14796.

Murray et al
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Carbon Oxidation Model

K. Swaminathan-Gopalan et al., "Development and validation of  a finite-rate model for carbon oxidation by atomic oxygen." 
Carbon 137 (2018): 313-332.

Fast TD reactions

Slow formation reactions

Desorption reactions
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Vitreous and Preform Carbon model

Vitreous carbon model Preform carbon model
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Effective model for macroscopic solvers

Real model 
Rates → k

Effective model 
Rates → keff

Image credit: NASA



21

Reaction Rate Constants Fitting Method 

No 

Better initial guesses 
for k based on error  

Yes, the rates are 
obtained. 

Initial guess for keff

Keep track of  the changing 
surface conditions 

Perform reactions based on 
instantaneous probabilities

Compare final products with 
the experimental data

Solution converged ?

K. Swaminathan Gopalan and K. A. Stephani. In 47th AIAA Thermophysics Conference, p. 4347. 2017.

Systematic procedure 
Particle Swarm 

algorithm

• Error = || fluxcalc – fluxexp ||
• Find values for keff to 

minimize this error. 
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PICA oxidation model

• PICA and FF trends are qualitatively and quantitatively different.
Ø Difference in reactivity.
Ø Difference in porosity.2 phase model

Preform carbon PICA 
CHAR
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PICA oxidation model

• New 2 phase model for PICA
Ø Phase 1: FiberForm – same rates as preform carbon model.
Ø Phase 2: PICA char – new rates for same reactions.

• Newly developed PICA model agrees well with the experiments.
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PICA-NuSil oxidation model

• PICA and FF trends are qualitatively and quantitatively different.
Ø Difference in reactivity.
Ø Difference in porosity.3 phase model

Preform carbon PICA 
CHAR

NuSil
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SiO reactions

• SiO TOF has a fast TD and slow desorption component.  

PICA-NuSil T = 1800K SiO TOF
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PICA-NuSil oxidation model

• New 3 phase model for PICA-NuSil
Ø Phase 1: FiberForm – same rates as preform carbon model.
Ø Phase 2: PICA char – same rates as PICA 2 phase model.
Ø Phase 3: NuSil – new rates for same reactions.

• Newly developed PICA-NuSil model agrees well with the experiments.


