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Phenolic-Impregnated Carbon Ablator (PICA) was developed at NASA Ames 
Research Center as a lightweight thermal protection system material for successful 
atmospheric entries. The objective of the current work is to compute the effective 
radiative conductivity of fibrous porous media, such as preforms used to make PICA, 
to enable the efficient design of materials that can meet the thermal performance 
goals of forthcoming space exploration missions. 
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An efficient and MPI parallel procedure is developed to 
first obtain relevant view-factors using a collision based 
Monte-Carlo method and second to compute the final 
steady-state radiative heat flux [1]. The radiative 
conductivity computed can be combined with the value 
calculated for thermal conductivity using PuMA [2], a 
NASA software for extracting porous material properties, 
to determine the total effective conductivity from the 
intrinsic conductivity of constituting phases.  

[1] Modest, M. F. Radiative heat transfer. Academic press, 2013. 
[2] Ferguson, J. C., et al. "Modeling the oxidation of low-density carbon fiber material based on micro-tomography." Carbon 96 (2016): 57-65. 
[3] Nouri, N., & Martin, A. "Three dimensional radiative heat transfer model for the evaluation of the anisotropic effective conductivity of fibrous 
materials." Int. J. of Heat and Mass Transfer 83 (2015): 629-635. 
[4] Pradère, C., et al. "Thermal properties of carbon fibers at very high temperature." Carbon 47.3 (2009): 737-743. 
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Method: The input geometry is first triangulated into discrete 
surfaces. For each surface i: 
1.  A large number of rays are projected outward to uniformly sample the 

angle space nearby. 
2.  Each voxel passed through by a ray is interrogated to see if it contains 

any emitting surfaces for which to calculate the corresponding view 
factor, using the equation below. 

3.  Lastly, when all rays for surface i are processed, another surface is 
chosen and steps 1-3 are repeated. 
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The view factors data generated is used calculate the radiative heat transfer in a 
certain domain. The radiosity Ji, or total heat flux leaving a surface, is computed 
with the equation below. As this constitutes a large sparse coupled linear system, 
an iterative process is used to solve for the radiosity of each surface between walls 
1 and 2:  

Ji = ✏j�T 4
j + (1� ✏j)

P
j FijJj

where ε is emissivity and Tj is the local temperature. This computation assumes 
that each surface is isothermal, diffuse, and opaque. The output is the net axial 
heat flux, averaged over the other two directions. 

The view factor, Fij, between surfaces i and j, where Ai and Aj are the areas of the 
surfaces, are defined in the equation below. A view factor equal to zero implies that two 
surfaces cannot “see” each other, or in other words, a light ray emitted by one of the 
surfaces cannot reach the other surface. 
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Using PuMA to render a digital representation of the sample, the radiative heat transfer in the carbon fiber preform is investigated. For the results shown, a temperature 
gradient of 1K is imposed in the axial direction, resulting in a finite net heat flux.  

a) Using two different values for the 
carbon conductivity, corresponding to 
TC2 and TC2 heat-treated at 2500K 
[4], the total thermal conductivity of 
FiberForm in N2 is computed using 
PuMA.  
b-c) Radiative conductivity of samples 
A and B, with porosities  ΦA=0.839 
and ΦB=0.851, in the 3 principle 
directions. Anisotropy of the thermal 
behavior of carbon fiber preform is 
confirmed. 
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Two samples of FiberForm, the rigid carbon fiber preform to PICA, were tested in 
this study, each acquired from tomography data at voxel resolution 0.65 µm for 
Sample A and 1.65 µm for Sample B.  

Effective conductivity in the through-thickness direction for Samples A 
and B compared to experimental and manufacturer data. The 
variability is due to the uncertainty in thermal conductivity of the carbon 
fibers. The total conductivities predicted illustrate the dependence on 
carbon fiber density and porosity. Since the experiments are for lower 
density preforms (160kg/m3) and the computation is done on higher 
density samples (~183.6 kg/m3), the total conductivity predicted is 
higher than those of the experiment. a b c 

The dataset of radiosity, which is 
computed at each solid voxel, is first 
cleared of outliers, which are the void 
voxels, then fitted using a robust least 
squares fitting method. The difference 
between the radiosities at the two 
ends of the domain as well as the 
temperature difference imposed 
between them, are used to compute 
the effective conductivity [3].  

y 

x 

z 

500 1000 1500 2000 2500 3000 3500
Temperature [K]

0

0.5

1

1.5

2

2.5

Th
er

m
al

 C
on

du
ct

iv
ity

 
c,

yy
 [W

/m
2 ]

Thermal Conductivity

500 1000 1500 2000 2500 3000 3500
Temperature [K]

0

0.5

1

1.5

2

2.5

3

3.5

r [W
/m

2 ]

5123 Sample A,  = 0.839

500 1000 1500 2000 2500 3000 3500
Temperature [K]

0

2

4

6

8

10

12

r [W
/m

2 ]

5123 Sample B,  = 0.851 500 1000 1500 2000 2500 3000 3500
Temperature [K]

0

1

2

3

4

5

6

7

yy
 [W

/m
2 ]

Through-thickness Conductiviy

Acknowledgements 
This effort was performed under the Entry System 
Modeling Project (M. J. Wright, PM) of the NASA 

Game Changing Development Program. 

Triangulation of the fibers 
( ~30 million triangles) 


