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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
Ø Real-time micro-CT

Content
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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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MPFA-O

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 (accepted)

Tracking by IoU
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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>

𝑘!"#$ = 0

𝑘%"&#$ = 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

𝑇!" 𝑇#"

𝑇"#"𝑇""

𝑇!$%

𝑇!&%

𝑇#$%

𝑇"&%

Multi-Point Flux Approximation (MPFA-O)* local system (2D):

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

Continuity of fluxes:
qxP = qxE
qxN = qxNE

qyP = qyN
qyE = qyNE

<latexit sha1_base64="ZAjkxy28CvSu2fgKG1RYz5OKXIo="></latexit>

r · qqq = 0 where qqq = �kkkrT = �

2

4
kxx kxy kxz

kxy kyy kyz

kxz kyz kzz

3

5

0

@
@T/@x
@T/@y
@T/@z

1

A

<latexit sha1_base64="bP3Qp9VIJ6ueqtV14I2rZNZjx70="></latexit>

qqq = EEETTTN

<latexit sha1_base64="abVAFzpTN6SHwzfzhM1z9swMmQE=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiuJCSSEU3QkEEV1KhN2himUwn7dCZJM5MhBKyc+OruHGhiFtfwZ1v4zTNQlt/GPj4zzmcOb8XMSqVZX0bhYXFpeWV4mppbX1jc8vc3mnJMBaYNHHIQtHxkCSMBqSpqGKkEwmCuMdI2xtdTurtByIkDYOGGkfE5WgQUJ9ipLTVM/ediHvJfQovYEZXKXSOp9hI7256ZtmqWJngPNg5lEGues/8cvohjjkJFGZIyq5tRcpNkFAUM5KWnFiSCOERGpCuxgBxIt0kuyOFh9rpQz8U+gUKZu7viQRxKcfc050cqaGcrU3M/2rdWPnnbkKDKFYkwNNFfsygCuEkFNingmDFxhoQFlT/FeIhEggrHV1Jh2DPnjwPrZOKXa2c3lbLNSuPowj2wAE4AjY4AzVwDeqgCTB4BM/gFbwZT8aL8W58TFsLRj6zC/7I+PwBrqeYgQ==</latexit>

kkkx = �qqq · Lx

<latexit sha1_base64="HDNAcmae/PRXc9QHyI9Qx4gSOos=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJhSpBRbAgVWJhYCgSfUhNiBzHaa06D2wHtYoysvArLAwgxMonsPE3uGkGaDnSlY7PuVe+97gxo0IaxrdWWlhcWl4pr1bW1jc2t/TtnbaIEo5JC0cs4l0XCcJoSFqSSka6MScocBnpuMPLid95IFzQKLyV45jYAeqH1KcYSSU5+r4VB246zO5G8AIew/x1n0ELe5GE187I0atGzcgB54lZkCoo0HT0L8uLcBKQUGKGhOiZRiztFHFJMSNZxUoEiREeoj7pKRqigAg7zQ/J4KFSPOhHXFUoYa7+nkhRIMQ4cFVngORAzHoT8T+vl0j/3E5pGCeShHj6kZ8wKCM4SQV6lBMs2VgRhDlVu0I8QBxhqbKrqBDM2ZPnSfukZtZrpzf1asMo4iiDPXAAjoAJzkADXIEmaAEMHsEzeAVv2pP2or1rH9PWklbM7II/0D5/AGKTmOI=</latexit>

qxPne = kxxP
TB
Pe � TN

P

h/2
+ kxyP

TB
Pn � TN

P

h/2
<latexit sha1_base64="JdM0JdJbWFowQK6T5bk/Bi/QqUc="></latexit><latexit sha1_base64="JdM0JdJbWFowQK6T5bk/Bi/QqUc="></latexit><latexit sha1_base64="JdM0JdJbWFowQK6T5bk/Bi/QqUc="></latexit><latexit sha1_base64="JdM0JdJbWFowQK6T5bk/Bi/QqUc="></latexit>

qxP = qxE
qxN = qxNE

qyP = qyN
qyE = qyNE

<latexit sha1_base64="ZAjkxy28CvSu2fgKG1RYz5OKXIo="></latexit>

Unknowns:

TB =

0

BB@

TB
Pe

TB
Ne

TB
Pn

TB
En

1

CCA

<latexit sha1_base64="cHQ5wPPLRd04OQHIC3TR/Bsx2jg="></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.

Tow IDs
0 100
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Single fiber conductivity estimation

k12ply
exp =

2

4
2.184 � �
� 1.980 �
� � 0.394

3

5

<latexit sha1_base64="TIPs5wXULbV0exgf36RUb0qqwDo="></latexit>

Experimental value at room temperature:

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

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

Single fiber thermal conductivity

k12ply
num =

2

4
2.310 �0.414 0.000

�0.524 2.030 0.071
0.007 0.050 0.504

3

5

<latexit sha1_base64="p/yGdHH/IXEBWG6/t+4buYkyZyo="></latexit>
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Elasticity solver

Multi-Point Stress Approximation (MPSA-W)* local system enforcing displacement and stress continuity:

*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.

✓
SSSG

DDDG

◆
GGG =

✓
000
DDDu

◆
uuuN +

✓
FFFN

DDDd

◆

<latexit sha1_base64="rXLQqAEYG0uKeCuOfCATZNGoX78="></latexit>

���P = CCCPGGGP � hCCCQ̃QQGGGiIV

<latexit sha1_base64="orapx9mvgjYMr8fpD4TwnFJod9g="></latexit>

��� = EEEuuuN

<latexit sha1_base64="ogf0QqpHaFqG0fSXZEuuv8vcWGM=">AAACDHicbVDLSgMxFL3js9ZX1aWbYBFcSJmRim6EggiupIJ9QGcsmTTThiYzQ5IRyjAf4MZfceNCEbd+gDv/xnTahbYeCJyccy7JPX7MmdK2/W0tLC4tr6wW1orrG5tb26Wd3aaKEklog0Q8km0fK8pZSBuaaU7bsaRY+Jy2/OHl2G89UKlYFN7pUUw9gfshCxjB2kjdUtmNhZ+6ivUFztAFyq9XGXKPJzTJ7m9Myq7YOdA8caakDFPUu6UvtxeRRNBQE46V6jh2rL0US80Ip1nRTRSNMRniPu0YGmJBlZfmy2To0Cg9FETSnFCjXP09kWKh1Ej4JimwHqhZbyz+53USHZx7KQvjRNOQTB4KEo50hMbNoB6TlGg+MgQTycxfERlgiYk2/RVNCc7syvOkeVJxqpXT22q5Zk/rKMA+HMAROHAGNbiGOjSAwCM8wyu8WU/Wi/VufUyiC9Z0Zg/+wPr8Ad2bmtA=</latexit>

r · ��� = 0 where ��� = CCC""" =

2

4
C11 C12 C13

C12 C22 C23

C13 C23 C33

3

5 ruuu+ (ruuu)T

2

<latexit sha1_base64="vSWYbDTDBdOmwTHf650rTLWgcNw="></latexit>

2

6666664

C11 C12 C13 C14 C15 C16

C12 C22 C23 C24 C25 C26

C13 C23 C33 C34 C35 C36

C14 C24 C34 C44 C45 C46

C15 C25 C35 C45 C55 C56

C16 C26 C36 C46 C56 C66

3

7777775

<latexit sha1_base64="UTfc4t1lX2Cw3UTe8nkqMcZSl2w="></latexit>

r · ��� = 0 where ��� = CCC""" =

2

4
C11 C12 C13

C12 C22 C23

C13 C23 C33

3

5 ruuu+ (ruuu)T

2

<latexit sha1_base64="vSWYbDTDBdOmwTHf650rTLWgcNw="></latexit>

CCC1 = Lx ���

<latexit sha1_base64="Or+aTwepDxohIQhaQ3fjh3tCbJI=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhZBREoiFd0IhW5cuKhgH9DEMJlO26EzSZiZiCVk6cZfceNCEbd+gjv/xmmahbYeuHA4517uvcePGJXKsr6NwsLi0vJKcbW0tr6xuWVu77RkGAtMmjhkoej4SBJGA9JUVDHSiQRB3Gek7Y/qE799T4SkYXCrxhFxORoEtE8xUlryzH0n4n5ST+9seAmvvQfonMBMciQdcJR6ZtmqWBngPLFzUgY5Gp755fRCHHMSKMyQlF3bipSbIKEoZiQtObEkEcIjNCBdTQPEiXST7JEUHmqlB/uh0BUomKm/JxLEpRxzX3dypIZy1puI/3ndWPUv3IQGUaxIgKeL+jGDKoSTVGCPCoIVG2uCsKD6VoiHSCCsdHYlHYI9+/I8aZ1W7Grl7KZarh3ncRTBHjgAR8AG56AGrkADNAEGj+AZvII348l4Md6Nj2lrwchndsEfGJ8/9y6Yng==</latexit>

CCC4 =
2LxLy

Lx + Ly
���

<latexit sha1_base64="VwIB58QPqlgxbfwVM4I/i1K0DhI=">AAACHHicbZDLSsNAFIYnXmu9RV26GSyCoJSkVnQjFLpx4aKCvUBTy2Q6aYfOJGFmIoaQB3Hjq7hxoYgbF4Jv4yTtQlt/OPDxn3OYOb8bMiqVZX0bC4tLyyurhbXi+sbm1ra5s9uSQSQwaeKABaLjIkkY9UlTUcVIJxQEcZeRtjuuZ/32PRGSBv6tikPS42joU49ipLTVN0+dkLtJPb2rwkvoeALhpAKv+w+64jTJ4DjHfMyRdMhR2jdLVtnKBefBnkIJTNXom5/OIMARJ77CDEnZta1Q9RIkFMWMpEUnkiREeIyGpKvRR5zIXpIfl8JD7QygFwhdvoK5+3sjQVzKmLt6kiM1krO9zPyv142Ud9FLqB9Givh48pAXMagCmCUFB1QQrFisAWFB9V8hHiGdkNJ5FnUI9uzJ89CqlO1q+eymWqqdTOMogH1wAI6ADc5BDVyBBmgCDB7BM3gFb8aT8WK8Gx+T0QVjurMH/sj4+gE8GqDT</latexit>
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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, 𝑅𝑒 ≈ 0): 

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

• By imposing a unit body force 𝑓" 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>

𝑓'Δ𝑃'
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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 𝜙
(%) 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 -

*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: 
𝜙 = 89.8%

Sample B: 
𝜙 = 90.4%

Sample C: 
𝜙 = 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 𝜙 = 87%

*Pedro C. F. Lopes, Rafael S. Vianna, Victor W. Sapucaia, Federico 
Semeraro, Ricardo Leiderman, and Andre M. B. Pereira. Simulation 
Toolkit for Digital Material Characterization of Large Image-based 
Microstructures. npj Computational Materials (under review)
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Velocity and Pressure Fields
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• 354 micro-CT datasets (2.5 TB) at 200 torr (0.26 atm)

• Dataset size: 700x700x1000 voxels, with resolution of 1.62 microns

• Each domain sub-divided into 19 different 700x700x100 voxels using a convolution window along Z

• Compute conductivity, elasticity, and permeability for all the subdivided datasets (i.e. 6,726 domains), to obtain them as a 
function of the samples’ depth and time  à 20,178 simulations on NAS

• Local Conductivity for two phases:  kair=0.0257,  kfiber=13 W/(mK)

Time-dependent micro-CT of oxidizing Fiberform

Temp. (C) Datasets

875 67

Temp. (C) Datasets

735 180

Temp. (C) Datasets

1090 107

F. Semeraro, B.Ringel, F. Panerai 
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Conductivity and Permeability



Predictive Material Modeling (PMM) group Entry System Modeling (ESM) project
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Questions?


