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Introduction

• To protect spacecraft from extreme heat during atmospheric entry, a 
Thermal Protection System (TPS) is required:

− For high-speed entries, ablative heatshields such as 

   Phenolic Impregnated Carbon Ablator (PICA) or Avcoat are used,

− Large heatshields are tiled and are bonded with a silicone 

    elastomer gap-filler, known as RTV560.

   

Tiled heatshield showing virgin and 
charred RTV, Oruganti 2023[3].

Mars Science Laboratory (MSL) 
heatshield with tiled PICA 

bonded by RTV560, Beck 2014[2].

Credit: NASA

Instrumentation
plug on the MSL 

heatshield,      
Beck 2014[2].

Illustration of the ablation phenomenon, 
Mansour 2024[1].

SpaceX Starship atmospheric (re)-entry. [Credits: SpaceX]
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RTV Intumescence

• Numerous tests (flight and ground) have shown adverse effects of 
RTV as a gap-filler as it:

− Swells (or intumesces) as it’s heated, and can transition flow to turbulence,

− Melts over heatshield and contaminates sensors, changing surface properties,

− Current material response models do not account for these effects of RTV.

− Goal of my PhD was to study and model decomposition, swelling and 
ablation of RTV.

RTV fencing in PICA, Beck 2014[2].Post-flight heat shields for SpaceX Dragon and Varda W2 capsules.
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Experimental Characterization

Pyrolysis mechanism Virgin vs char characterization

—  30 °C/min

In situ Micro-CT at the 
Advanced Light Source

TGA-MS of RTV at 30 °C/min
Electron microscopy and porosimetry of charred RTV Schematic of ALS and layout of in situ micro-CT setup
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In situ Micro-CT of RTV

64 °C/min 228 °C/min 1946 °C/min

>> 3X

N2 plasma test at Plasmatron X
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Intumescence mechanism

• RTV has closed pores filled with trapped gases and adsorbed water,

• Heating causes swelling due to pressure build 
up within the closed pores, which occurs until

− Adequate pressure is developed in the pores to 
form a crack and outgas, or 

− Adequate time is given for the RTV to pyrolyze and 
form a porous network to outgas.

• Goal is to develop a model in PATO:
− PATO is a finite-volume code that assumes volume-

averaging,
− Is coupled with solid mechanics to simulate volume 

change due to swelling or shrinking,
− Current model doesn’t consider cracking and 

surface chemistry for simplicity.
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Introduction of closed porosity in PATO

SP1
SP2

SP3 SP5

SP4

Representative 
Elementary Volume (REV)

Whiskers

Substrate

Open
porosity

Closed
porosity

𝜀𝑔,𝑜𝑝𝑒𝑛, 𝑝𝑜𝑝𝑒𝑛

𝜀𝑔,𝑐𝑙𝑜𝑠𝑒𝑑, 𝑝𝑐𝑙𝑜𝑠𝑒𝑑

• Volume-averaging within REV:
− Each phase is composed of several sub-

phases that decompose into open porosity,

− Closed porosity is not considered in PATO.

• New model for closed porosity 
developed as 𝑝𝑜𝑝𝑒𝑛 ≠ 𝑝𝑐𝑙𝑜𝑠𝑒𝑑, 

− 𝑝𝑜𝑝𝑒𝑛 derived using mass and momentum 
transport (Darcy Law),

− 𝑝𝑐𝑙𝑜𝑠𝑒𝑑 obtained using ideal gas law.

• Effective volume-averaged pressure
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Introduction of closed porosity in PATO
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• Volume-averaging within REV:
− Each phase is composed of several sub-

phases that decompose into open porosity,

− Closed porosity is not considered in PATO.

• New model for closed porosity 
developed as 𝑝𝑜𝑝𝑒𝑛 ≠ 𝑝𝑐𝑙𝑜𝑠𝑒𝑑, 

− 𝑝𝑜𝑝𝑒𝑛 derived using mass and momentum 
transport (Darcy Law),

− 𝑝𝑐𝑙𝑜𝑠𝑒𝑑 obtained using ideal gas law.

• Effective volume-averaged pressure

− 𝑝𝑒𝑓𝑓 =
(𝜀𝑔,𝑜𝑝𝑒𝑛 𝑝𝑜𝑝𝑒𝑛+𝜀𝑔,𝑐𝑙𝑜𝑠𝑒𝑑, 𝑝𝑐𝑙𝑜𝑠𝑒𝑑)

(𝜀𝑔,𝑜𝑝𝑒𝑛+𝜀𝑔,𝑐𝑙𝑜𝑠𝑒𝑑)
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Thermo-poro-mechanics

• Deformation of RTV occurs due to thermal expansion, pressure build-
up and pyrolysis shrinkage

− Assuming isotropic linear elastic material, incremental deformation is 
modeled as:

− Key terms:
• Incremental strain: 

• Strain due to applied stresses: 

• Thermal expansion: 

• Pyrolysis strain: 
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Multi-pyrolysis material-variation model

Open 
porosity

SP1

SP2

SP3

SP5SP4

𝜀11

𝜀12

𝜀13

𝜀14
𝜀15

, 𝜒11

, 𝜒12

, 𝜒13

, 𝜒14
, 𝜒15

Advancement of pyrolysis of each sub-phase:

Total pyrolysis advancement:

Material property variation based on 
overall virgin/char properties 

Assumes monotonic variation of 
material properties with temperature and 𝜏!

Volume-fraction variation of 
each sub-phase:

Material property variation using 
sub-phase virgin/char properties 

Overall material property variation

Accounts for 
non-monotonic variations!
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RTV Material Properties
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RTV Mechanical Properties Calibration

• Thermo-mechanical properties were only available till 500 °C and were calibrated 
for higher temperatures using the multi-pyrolysis approach

− Calibrated using PATO coupled with Dakota based on 102 and 1946 °C/min data.
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Thermo-poro-mechanics at 228 °C/min
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Simulations summary

Simulations at  four heating rates 
showed good agreement:

• Thermo-poro-mechanics of closed- and 
open-pore pressure buildup and shrinkage 
was well-captured by simulations,

• Large variations in material properties are 
accounted for using multi-pyrolysis model,

• Further calibration of temperature profiles 
could improve results at higher heating 
rates.
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Conclusions

• Proposed a new intumescence mechanism for RTV based on 
experimental observations.

• Developed new Thermo-poro-mechanical capability to simulate 
intumescence:

− Included closed porosity and closed-pore pressure buildup into PATO,

− Introduced new multi-pyrolysis approach for capturing non-monotonic variations 
in material properties.

• Simulated RTV intumescence at high-heating rates:
− Good agreement of thermal response with thermocouple measurements,

− Mechanical response compared well with in situ radiography.
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Future Work

1. Implementation of cracking, 
finite-rate gas-surface 
interactions and RTV wicking 
into porous materials,

2 mm
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Future Work

1. Implementation of cracking, 
finite-rate gas-surface 
interactions and RTV wicking 
into porous materials,

2. Anchoring the multi-
pyrolysis model to more 
material properties,
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Future Work

1. Implementation of cracking, 
finite-rate gas-surface 
interactions and RTV wicking 
into porous materials,

2. Anchoring the multi-
pyrolysis model to more 
material properties,

3. Simulation of Plasmatron X 
experiments,

Flow field simulations of Plasatron X facility around an iso-Q 
sample (Kumar et al.[16-19]).
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Future Work

1. Implementation of cracking, 
finite-rate gas-surface 
interactions and RTV wicking 
into porous materials,

2. Anchoring the multi-
pyrolysis model to more 
material properties,

3. Simulation of Plasmatron X 
experiments,

4. Simulation of tiled heat 
shields and mitigation 
strategies for fencing,

Mars Science Laboratory heatshield simulation in PATO (Meurisse et al. [15]).
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Future Work

1. Implementation of cracking, 
finite-rate gas-surface 
interactions and RTV wicking 
into porous materials,

2. Anchoring the multi-pyrolysis 
model to more material 
properties,

3. Simulation of Plasmatron X 
experiments,

4. Simulation of tiled heat shields 
and mitigation strategies for 
fencing,

5. Rederivation of governing 
equations to include closed 
porosity and deformation of 
the domain.
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