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• Motivation

• Overview of PuMA
Ø Functionalities
Ø Open-source release
Ø Artificial generation
Ø Micro-CT manipulation

• Effective properties for anisotropic porous media
Ø Fiber orientation
Ø Conductivity
Ø Elasticity
Ø Permeability
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Modeling TPS

Simulation of surface temperature
for MSL heatshield

Macroscale
Full-scale material 

response solvers, using 
homogenized properties

Microscale
Homogenization of material 

properties to be used in 
macroscale models
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Overview of material properties computation
Part 1: Estimation of local orientation. Computational Materials Science (2020)

Part 2: Computation of effective conductivity. Computational Materials Science (2021)

Computation of effective elasticity

MPSA-W
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Numerical
Analytical

MPFA-O

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>

Computation of effective permeability

�µr2u+rp = f

<latexit sha1_base64="n82UQxhZfCOBqWRV598+5eZlq+4=">AAACInicbVDLSsNAFJ3UV62vqEs3g0UQxJKUiroQCm5cVrAPaGKZTCbt0MkkzEyEEvotbvwVNy4UdSX4MU7aCLb1wDCHc+7l3nu8mFGpLOvLKCwtr6yuFddLG5tb2zvm7l5LRonApIkjFomOhyRhlJOmooqRTiwICj1G2t7wOvPbD0RIGvE7NYqJG6I+pwHFSGmpZ16eOmECHY48huB9FTpexHw5CvWXJmN48mvF8GrGC8Y9s2xVrAngIrFzUgY5Gj3zw/EjnISEK8yQlF3bipWbIqEoZmRcchJJYoSHqE+6mnIUEummkxPH8EgrPgwioR9XcKL+7UhRKLPVdGWI1EDOe5n4n9dNVHDhppTHiSIcTwcFCYMqglle0KeCYMVGmiAsqN4V4gESCCudakmHYM+fvEha1Ypdq5zd1sp1K4+jCA7AITgGNjgHdXADGqAJMHgEz+AVvBlPxovxbnxOSwtG3rMPZmB8/wD6uqNT</latexit>
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Installation:  conda install -c conda-forge puma
Open-source repository:  https://github.com/nasa/puma
Documentation:  https://puma-nasa.readthedocs.io
Video tutorials: PuMA YouTube channel

Porous Microstructure Analysis (PuMA) v3 release

Ferguson, J.C., Semeraro, F., Thornton, J.M., Panerai, F., Borner, A., Mansour, N.N., 2021. Update 3.0 to “PuMA: The Porous Microstructure Analysis software”, SoftwareX

mailto:https://github.com/nasa/puma
https://puma-nasa.readthedocs.io/
https://www.youtube.com/channel/UCBp_QC6ctwzdyxfZn7uHj0w/playlists
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Artificial domain generation
Packed Sphere Beds Periodic Foams Fiber Structures

Triply Periodic Minimal Surface (TPMS) Woven geometries
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Micro-CT weaves: anisotropic at multiple scales

6-ply weave

1000 vox

450 vox
39

0 
vo

x

Porous tow
100 vox 50 vox

Sub-tow sample
120 vox

12
0 

vo
x

Fiber

5.2µm
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Weave segmentation and tow tracking
Manual labeling

InstancesSemantic ClassesAllred, A., Abbott, L.J., Doostan, A., Maute, K. Automated processing of x-ray computed tomography images 
via panoptic segmentation for modeling woven composite textiles, Composite Structures (to appear)

Tracking by IoU

Naïve threshold of original Micro-CT weave Fully segmented weave
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Orientation methods

(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 CGLS

Structure tensor Artificial flux Ray casting

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>

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

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>

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>

!!" !#"

!"#"!""

!!$%

!!&%

!#$%

!"&%

Multi-Point Flux Approximation (MPFA-O)*
i.e. continuity of fluxes and temperatures at Boundary points: 

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

qxx
P = qxx

E

qyy
P = qyy

N

<latexit sha1_base64="Y7+5oA9Aee2h999mYG6nGphp5to=">AAACRnicbZBLSwMxFIXv1Fetr6pLN8EiuJAyIxXdCAURXEkF+4DOWDJp2oZmHiYZ6TD017lx7c6f4MaFIm7NTLvQthdCDt89l9wcN+RMKtN8M3JLyyura/n1wsbm1vZOcXevIYNIEFonAQ9Ey8WScubTumKK01YoKPZcTpvu8CrtN5+okCzw71UcUsfDfZ/1GMFKo07Rsd2Ad2Xs6St5HHdqD8loNEaXaIZfZ9y2C/P+OF7gv814p1gyy2ZWaF5YU1GCadU6xVe7G5DIo74iHEvZtsxQOQkWihFOxwU7kjTEZIj7tK2ljz0qnSSLYYyONOmiXiD08RXK6N+JBHsy3VA7PawGcraXwkW9dqR6F07C/DBS1CeTh3oRRypAaaaoywQlisdaYCKY3hWRARaYKJ18QYdgzX55XjROy1alfHZXKVVPpnHk4QAO4RgsOIcq3EAN6kDgGd7hE76MF+PD+DZ+JtacMZ3Zh3+Vg1+PtrS3</latexit>

…
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Conductivity solver validation: ADEPT

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

BiCGStab
Converged 

stresses
Ceff = �x · Lx

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

…

Continuity of Stresses

�xx
P = �xx

E

�yx
P = �yx

E
<latexit sha1_base64="VTBiKZRxkQ2+X/lAw5SFBRzpGsI=">AAACW3icfVHPS8MwGE07dbNOrYonL8EheBrtHOhFGMjA4wT3A9ZZ0jTbwpK2JKlslP2TnvTgvyKm2w66TT8Iebz3Pb4vL0HCqFSO82GYhZ3dvWJp3zooHx4d2yenHRmnApM2jlksegGShNGItBVVjPQSQRAPGOkGk4dc774SIWkcPatZQgYcjSI6pBgpTfm28IKYhXLG9ZV5ko44mr9k0+ncb8F7+KfYhJ5nbVVn/1lzsenbFafqLApuAncFKmBVLd9+88IYp5xECjMkZd91EjXIkFAUMzK3vFSSBOEJGpG+hhHiRA6yRTZzeKWZEA5joU+k4IL96cgQl/maupMjNZbrWk5u0/qpGt4NMholqSIRXg4apgyqGOZBw5AKghWbaYCwoHpXiMdIIKz0d1g6BHf9yZugU6u6N9XaU73SqK/iKIELcAmugQtuQQM8ghZoAwzewZdRNErGp1kwLbO8bDWNlecM/Crz/Btss7iX</latexit>

r · � = r · (C") = 0
<latexit sha1_base64="KI00QEAvJJcqb+1/XNkjBhx5Fd0="></latexit>

�(x, t) = E(x)DN (x, t)
<latexit sha1_base64="JNlE19NTkgFWGWCBBBtPnqkCpBI=">AAACK3icbVDLSgMxFM3UV62vUZdugkVoQcpMFRRBKD7AlVSwD+jUkknTNjTzIMmIZZj/ceOvuNCFD9z6H2ams+jDCyGHc87l3ntsn1EhDeNLyywsLi2vZFdza+sbm1v69k5deAHHpIY95vGmjQRh1CU1SSUjTZ8T5NiMNOzhZaw3HgkX1HPv5cgnbQf1XdqjGElFdfQLy/ZYV4wc9YWWoH0HRYWnQ1mE53BSulZscYq5ih5uE2dHzxslIyk4D8wU5EFa1Y7+ZnU9HDjElZghIVqm4ct2iLikmJEoZwWC+AgPUZ+0FHSRQ0Q7TG6N4IFiurDncfVcCRN2siNEjog3VE4HyYGY1WLyP60VyN5pO6SuH0ji4vGgXsCg9GAcHOxSTrBkIwUQ5lTtCvEAcYSlijenQjBnT54H9XLJPCqV747zlbM0jizYA/ugAExwAirgBlRBDWDwDF7BB/jUXrR37Vv7GVszWtqzC6ZK+/0DZ4qntg==</latexit>

Multi-Point Stress Approximation (MPSA-W)*

*Keilegavlen, E. and Nordbotten, J.M., 2017. Finite volume methods for elasticity with weak symmetry. Int. Journal for Numerical Methods in Engineering, 112(8), pp.939-962.
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Elasticity solver validation: woven composite

Matrix: porous phenolic resin Intra-tow fiber packing Woven unit cell

Fraile Izquierdo, S., Semeraro, F., Acin, M., 2022. Multi-Scale Analysis of Effective Mechanical Properties of Porous 3D Woven Composite Materials. AIAA Scitech Forum
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• Governing equation for Stokes flow (valid for slow creeping regimes, !" ≈ 0): 

• Solved with FE scheme with Q1-Q1 discretization in velocity and pressure             
(plus pressure stabilization term)

• By imposing a unit body force %" in the three Cartesian directions, we can 
homogenize the permeability as:

Permeability solver

�µr2u+rp = f

<latexit sha1_base64="n82UQxhZfCOBqWRV598+5eZlq+4=">AAACInicbVDLSsNAFJ3UV62vqEs3g0UQxJKUiroQCm5cVrAPaGKZTCbt0MkkzEyEEvotbvwVNy4UdSX4MU7aCLb1wDCHc+7l3nu8mFGpLOvLKCwtr6yuFddLG5tb2zvm7l5LRonApIkjFomOhyRhlJOmooqRTiwICj1G2t7wOvPbD0RIGvE7NYqJG6I+pwHFSGmpZ16eOmECHY48huB9FTpexHw5CvWXJmN48mvF8GrGC8Y9s2xVrAngIrFzUgY5Gj3zw/EjnISEK8yQlF3bipWbIqEoZmRcchJJYoSHqE+6mnIUEummkxPH8EgrPgwioR9XcKL+7UhRKLPVdGWI1EDOe5n4n9dNVHDhppTHiSIcTwcFCYMqglle0KeCYMVGmiAsqN4V4gESCCudakmHYM+fvEha1Ypdq5zd1sp1K4+jCA7AITgGNjgHdXADGqAJMHgEz+AVvBlPxovxbnxOSwtG3rMPZmB8/wD6uqNT</latexit>

2

4
kxx kxy kxz
kxy kyy kyz
kxz kyz kzz

3

5 =
l3

|V |

Z

V
ui dV

<latexit sha1_base64="fn3B4oZIr82q/azce0ufT+fXsmQ="></latexit>

%'Δ''
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Permeability validation: Fiberform

Sample A B C Exp*

Kxx
(m-2 e-10) 0.910 0.884 0.845 1.100

Kyy
(m-2 e-10) 0.918 0.879 1.046 1.100

Kzz
(m-2 e-10) 0.529 0.533 0.619 0.557

Porosity "
(%) 89.8 90.4 90.9 87.0

Time (‘)
(Avg its)

18.667
(1951)

13.383
(1355)

14.617
(1483) -

DOFs (e6) 424.4 428.3 432.6 -
Lopes, P.C.F., Semeraro, F.

*Panerai, F., White, J.D., Cochell, T.J., Schroeder, O.M., Mansour, N.N., Wright, M.J., Martin, A., 2016. Experimental measurements 
of the permeability of fibrous carbon at high-temperature. International Journal of Heat and Mass Transfer, 101, pp.267-273.

Sample A: 
( = 89.8%

Sample B: 
( = 90.4%

Sample C: 
( = 90.9%

• Three 5003 samples with voxel size = 2.6µm
• Run on V100 (32GB) with matrix-free PCG
• Experimental values* obtained from 

Fiberform samples with porosity ) = 87%
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Questions?
Part 1: Estimation of local orientation. Computational Materials Science (2020)

Part 2: Computation of effective conductivity. Computational Materials Science (2021)

Computation of effective elasticity

MPSA-W
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Numerical
Analytical

MPFA-O

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>

Computation of effective permeability

�µr2u+rp = f

<latexit sha1_base64="n82UQxhZfCOBqWRV598+5eZlq+4=">AAACInicbVDLSsNAFJ3UV62vqEs3g0UQxJKUiroQCm5cVrAPaGKZTCbt0MkkzEyEEvotbvwVNy4UdSX4MU7aCLb1wDCHc+7l3nu8mFGpLOvLKCwtr6yuFddLG5tb2zvm7l5LRonApIkjFomOhyRhlJOmooqRTiwICj1G2t7wOvPbD0RIGvE7NYqJG6I+pwHFSGmpZ16eOmECHY48huB9FTpexHw5CvWXJmN48mvF8GrGC8Y9s2xVrAngIrFzUgY5Gj3zw/EjnISEK8yQlF3bipWbIqEoZmRcchJJYoSHqE+6mnIUEummkxPH8EgrPgwioR9XcKL+7UhRKLPVdGWI1EDOe5n4n9dNVHDhppTHiSIcTwcFCYMqglle0KeCYMVGmiAsqN4V4gESCCudakmHYM+fvEha1Ypdq5zd1sp1K4+jCA7AITgGNjgHdXADGqAJMHgEz+AVvBlPxovxbnxOSwtG3rMPZmB8/wD6uqNT</latexit>


