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Reacting Flow Environments Branch

Why is Aerothermal Modeling Important?

Peak heat flux (with pressure, shear) used to select TPS material
Heat load used to size TPS

Can’t we just ‘cover up’ uncertainties in aerothermal 
modeling with increased TPS margins?

Sometimes, but:
• Increased margin also increases TPS mass, which has a ripple effect 

throughout system (particularly afterbody TPS mass)
• Without a good understanding of the environment it is impossible to quantify 

risk, which means that the benefits of increased TPS mass cannot be traded 
with other risk reduction strategies

• Increased margin cannot retire risks associated with exceeding peak heat flux 
limits of a given material

• For some missions (i.e. Neptune aerocapture, Jupiter polar probe), improved 
understanding of the environment may be enabling
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Reacting Flow Environments Branch

CFD Process:
Status and Development for Planetary Entry

What are the “long poles” in the current state-of-the-art?

Fine: 29.5 million pts.

DPLR:
40 hr/ 96 CPU

RTF: Grid Resolution
on Wing Leading Edge 

Winged Vehicles (High L/D, lower entry velocity)
•geometry driven; ~80% of design time to convert CAD 
files to volume grids

CAD-to-grid automation is a crucial process 
improvement

• recent progress in return to flight has demonstrated 
rapid turnaround CFD solutions

•acreage environment well understood - conservative 
predictions are possible

turbulence model improvements would reduce 
uncertainty

Planetary Entry Probes (Low to Mid L/D, higher entry 
velocity)

•physics driven: complex flow modeling required to 
simulate high velocity entries

• fluid dynamics, radiation, material response, shape 
change can be physically coupled

•understanding these processes and the coupling 
between them is necessary to quantify and reduce 
uncertainty and increase payload of future missions
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Reacting Flow Environments Branch

Identify Key Aerothermal Gaps
for Planetary Missions

Gaps are physics driven
•process improvements are important, but are not the key drivers

Gaps are destination and mission specific
• radiation in particular may dominate aeroheating for some missions and be 
unimportant for others

•analysis must be performed for each candidate mission
Gaps can be divided into five general categories

•high speed physical models
• transition and turbulence
• radiative heating
•afterbody heating
•coupling between radiation or material response and fluids
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Aerothermal Gap Summary
Inner Planet Entries
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Relevant Ground
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Reacting Flow Environments Branch

Approach to Addressing Gaps

Perform gap analysis for given mission
• determine knowns and “known-unknowns” via literature searches, analysis of existing 

ground test and flight data, previous studies
• estimate “unknown-unknowns” using engineering judgment

Conduct sensitivity analyses to prioritize uncertainties
• e.g. Monte-Carlo techniques coupled to CFD solvers
• allows program to allocate testing resources more efficiently
• new capability developed and demonstrated for Titan (AIAA Paper No. 2004-2455)
• cannot be used to determine basic model flaws - these must be exposed by testing

Focused testing to reduce key uncertainties and improve model
• shock tubes (e.g. ARC EAST) for chemical kinetics/radiation data
• shock tunnels (e.g CalTech T5, Calspan LENS) for laminar/turbulent aeroheating
• ballistic ranges (e.g. ARC HFFS) for aerodynamics, aeroheating, transition
• wind tunnels (e.g LaRC Mach 6) for fluid dynamics, aerodynamics, aeroheating
• arc jets (e.g. ARC IHF/AHF/PTF) for material response, aeroheating

Validation of existing models and/or development of new models
• e.g new Titan chemical kinetics model(AIAA Paper No. 2004-2469)
• e.g. new Titan radiation model (abstract submitted to AIAA Reno’05)
• e.g. validation of Titan turbulence models (abstract submitted to AIAA Reno’05)
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Reacting Flow Environments Branch

Example: Key Aerothermal Gaps
for Titan Aerocapture

Gap Analysis for Titan Aerocapture
(from Ames ISP Cycle-1 proposal - 2002)

More detailed analysis than 
summary charts shown 
previously

• in this example, risk is the 
primary driver

• color coded by final status at the 
conclusion of proposed work

Tailored to destination and 
mission
Specific tasks identified to 
address each gap/risk

• mixture of experimental, 
computational, and parametric 
analyses
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Reacting Flow Environments Branch

Sensitivity/Uncertainty 
Analysis
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Why Uncertainty Analysis?

♦ Evaluate uncertainties associated with heating predictions
• judge whether the predictions have sufficient reliability
• move toward day where error bars are placed on CFD

♦ Identify target areas where research should be directed to achieve 
maximum payoff
• technology gaps can be prioritized based on their uncertainty contributions

♦ Experiment design, error analysis and data reduction
• design of targeted experiments
• required level of experimental precision can be quantified

♦ Probabilistic design and risk analysis
• a deterministic aerothermal prediction has unknown reliability
• as designs become more complex, the practice of designing to all unfavorable events 

occurring simultaneously may produce unacceptable weight.
• a probabilistic analysis can be used to determine a realistic factor of safety

corresponding to a desired level of TPS risk tolerance.
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Reacting Flow Environments Branch

Types of Uncertainty

Parametric Uncertainties:
• Reaction rate coefficients
• Thermal relaxation rates 
• Vibration-chemistry coupling
• Transport properties
• Other parameters

Structural Uncertainties:
• Basic modeling assumptions
• Numerical representation
• Other simplifications

Stochastic Variabilities
• Natural fluctuations in

atmospheric conditions
• Trajectory adjustments
• Other unanticipated

changes in the physical 
environment

Parametric and stochastic uncertainties can 
be investigated probabalistically, but 
structural uncertainties can only be exposed 
through testing
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Assigning Input Uncertainties
Example: N2 Dissociation Rate

Methods of Assigning Uncertainty
1) Combine sources & compute standard error

2) Evaluate experimental set-up, data reduction, or 
theoretical formulation

3) Recommendations in review articles

4) Quoted uncertainty in the data source

5) Expert judgment

For N2 dissociation:

♦ A few independent determinations exist using shock 
tube data from the 60s and 70s

♦ Data interpreted by Park using two temperature 
model

♦ Bands show resulting uncertainty in N2 + N2 and N2 + 
N dissociation rates
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Reacting Flow Environments Branch

Sensitivity Analysis:
Titan Aerocapture Radiative Heating

Radiative heat flux ( W/cm2 )
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Radiative heating sensitivities to reaction rates
Dissociation Exchange

Heating distribution

Most probable: 93.8 W/cm2

95% confidence: 81-104 W/cm2

• CN radiation dominates predicted aeroheating

• Determine sensitivity of radiative heating to reaction rates 
and other modeling parameters (total of 417 independent 
parameters)

• ~6000 CFD solutions in Monte-Carlo simulation routine to 
determine heating distribution

Ref: AIAA 2004-2455
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Recent Example
Titan Aerocapture Radiative Heating
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Slope change in trend line 
indicates nonlinearity

Dissociation reaction rates (64%)

Transport properties (2.7%)

Vibrational relaxation rates (5%)

Vibration-chemistry coupling TηTv
1-η (2.4%)

Exchange reaction rates (26%)

Uncertainty Contribution
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• Results indicate that majority of uncertainty in 
radiative heating is due to reaction rates

• One binary interaction (N2 + H) is responsible for 
55% of total parametric uncertainty

• Stochastic uncertainties were not explored (but 
they could be)

Ref: AIAA 2004-2455
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Reacting Flow Environments Branch

High Energy Physics
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Reacting Flow Environments Branch

High Energy Physics
Current Status and Identified Gaps

Chemical Kinetics
• Well understood for low/mid velocity Earth entries, low velocity Mars entries
• ISP work has improved understanding for low velocity Titan (AIAA Paper 2004-2469)
• Poor understanding for high velocity (> 8 km/s) Mars or Titan, outer planet, high velocity 

(> 12 km/s) Earth entries
• Solution: Sensitivity analysis, shock tube testing, model development

Ionization Levels
• Current codes and models developed for low ionization; no validation for ζ > 10%
• Will impact convective heating, radiation, ionization blackout time
• Problem for outer planet entries, high velocity Earth (> 11 km/s), possibly Mars
• Solution: Model development (leverage from plasma community), shock tube testing, 

flight data

Transport Properties
• Development during ISP directed activities has advanced state of the art
• High fidelity data have been collected for multiple planetary systems (e.g. Journal of 

Thermophysics and Heat Transfer, Vol. 18, No. 1, 2004, pp. 143-147)
• Solution: No gap is identified at this time

Surface Kinetics
• Understood for some materials at Earth. Little understanding for other applications
• Can bound uncertainty with limiting-case models
• Solution: Experiments are necessary for new materials, non-Earth atmospheres
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Reacting Flow Environments Branch

Chemical Kinetics
New Kinetic Model for Titan Entries
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p = 0.88 atm, T = 3065 K, 30 ppm CH4 , 5% N2 in Ar

p = 0.89 atm, T = 3100 K, 30 ppm CH4 in Ar

♦ Detailed kinetic model for N2- CH4-Ar 
mixtures developed consistent with the 
current literature (28 species and 74 
reactions)

♦ Detailed model validated against existing 
shock tube experiments
• CH4 pyrolysis in CH4/Ar, Dean&Hanson(92)
• CH4 pyrolysis in CH4/N2-Ar , Dean et al.(90)
• C2H2 pyrolysis in C2H2 /Ar, Kruse&Roth(97)
• CN dissociation in C2N2 /Ar, Mick&Roth(91)

♦ Reduced model developed through 
analysis of the reactions for CFD shock 
layer simulations of Titan entry

♦ Will be validated against the shock tube 
experiments at NASA Ames EAST Facility 
(CN radiation from CH4 -N2 shock waves 
relevant to Titan entry)

Ref: AIAA Paper 2004-2469
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Transport Property Modeling

Effect of Transport Properties on Heating
60° Sphere Cone, Earth Entry

Different models for transport properties 
can change predicted aeroheating by 
25% at Earth and by more than 50% at 
Mars & outer planets

• larger differences due to large disparity in 
molecular weights leading to breakdown of 
‘binary gas’ assumption

High fidelity models exist
• models for viscosity and thermal conductivity 

reviewed recently (JTHT Vol. 17, No. 2, 2004 
and AIAA Paper No. 2003-3913)

All accurate models are based on 
collision integrals that must be 
computed or measured for all binary 
interactions in the mixture

• several recent and upcoming papers 
summarize collision integrals for planetary 
entry (e.g. JTHT Vol. 18, No. 1, 2004)
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Surface Kinetics
Types of Surface Reactions

• Catalysis – recombination of incident 
species

– increases heat transfer to surface
– material specific behavior; low-catalytic coatings
– models exist for Earth; less fidelity for 

Mars/planetary applications

• Oxidation/Nitridation – incident atoms react 
with the surface

– material specific; e.g. carbon is extremely 
reactive in the presence of O atoms

– models are under development

Mars Science Laboratory -
Impact of Catalysis Model on Heating

Centerline Heating -
Fully Turbulent

• Sublimation – solid goes directly to gas phase
– decreases net heat transfer; energy is carried away

⇒Models are required for all of the processes to accurately 
predict net heat transfer
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Reacting Flow Environments Branch

Transition and Turbulence
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Reacting Flow Environments Branch

Turbulent Heating
Status and Remaining Gaps

Laminar Turbulent

Mars Science Laboratory
Peak Heating Condition

CFD Comparison to T5 Test

High leeside turbulent heating levels were 
identified as an issue for MSL and Titan 
aerocapture

• CalTech T5 testing to verify predictions, provide 
validation data (to be presented at Reno’05)

• Additional testing underway in ballistic range
• Current testing sufficient to verify existence of high 

heating levels and assess capabilities of existing 
turbulence models

• Current testing is NOT sufficient to build new 
transition or turbulence models if necessary

Other turbulent heating mechanisms become 
important for mid to high L/D geometries

• More testing required for other shapes

Turbulent heating will remain a design 
driver for large entry systems 
(particularly crewed vehicles)

• Testing of candidate shapes in relevant 
environments will be crucial

Stagnation Point
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Reacting Flow Environments Branch

Turbulence Modeling:
Pioneer Venus Large Probe

PV Large Probe
Laminar & Turbulent DPLR Solutions

Conical Flank
(Turbulent)

Stag. Point

Convective Heating Rate

♦ Design Data : scanned from PV CDR report
♦ DPLR Results : fully catalytic (“error” bars 

show modeling variability)

Turbulent heating prediction matches 
design data, but is it right?
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Reacting Flow Environments Branch

Transition to Turbulence
Status and Remaining Gaps

70o Sphere-Cone
Hypersonic Flight in Ballistic Range

Transition Front

Lower P∞ Higher P∞ T (K)

Transition Model for Hemispheres

All ablators form a distributed surface 
roughness pattern

Roughness-dominated transition is 
configuration dependent

Roughness-dominated transition model 
exists for hemispherical shapes at 
hypersonic speeds

Transition and heat-transfer experiments 
are underway in CalTech T5 shock tunnel 
and Ames ballistic range for blunt, large-
angle cones

No roughness-dominated transition 
model exists for blunt, large-angle 
cones
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Reacting Flow Environments Branch

Radiative Heating
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Reacting Flow Environments Branch

Radiative Heating
Current Status for Titan Aerocapture

Radiative heating dominant for Titan entries
• Large uncertainties amplify the problem
• High radiative heating drives TPS selection and sizing

Current analysis makes many simplifying 
assumptions

• May be reasonable, but must be validated with data

Titan Aerocapture Peak Heating
Convective Radiative

Measured CN Radiation 
from EAST Test

EAST test data will allow 
validation of current models, 
construction of new models if 
necessary

• Concurrent sensitivity analysis identifies 
key modeling parameters (AIAA Paper 
No. 2004-2455)

• Comparison of current model to EAST 
test results will dictate level of 
advancement required over current state 
of the art

• Data reduction in progress, abstract 
submitted to AIAA Reno’05

CN Radiation Sensitivity 
to Reaction Rates
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Radiative Heating
Status and Identified Gaps for Other Missions

Radiative heating predictions have highest uncertainties of all 
aerothermal heating modes

• can be design driver for some missions
• current analysis predicts that radiation will dominate aeroheating for Titan, outer planet, 

and large vehicles at Venus, Mars or Earth
• therefore improved understanding of shock layer radiation can have large payoffs for 

many potential missions

Detailed radiation model exists only for Earth (moderate velocity)
• analysis for other planets relies on simplifying assumptions that are largely unvalidated
• model development is hampered by a lack of data on many of the underlying processes
• solution: Shock tube testing in a relevant environment is necessary to construct new 

models. First-principles analysis of some underlying mechanisms may be required

Radiation transport modeling relies on tangent slab assumption
• has been shown to be inaccurate for many applications (AIAA Paper No. 2004-0486)
• improved view-factor methodology currently applicable only to optically thin gases
• solution: more sophisticated approach is required. This technology exists in other fields; 

can leverage European developments



September 2 2004 MJW - 26

Reacting Flow Environments Branch

Afterbody Modeling
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Reacting Flow Environments Branch

Afterbody Heating
Fire-II: Validation with Flight Data

Computed Fire-II Afterbody Heat Transfer at t=1634s Fire-II Instrumentation

Calorimeters

• Goal: reduce uncertainty levels by 
validation with flight data

• Excellent agreement between CFD 
and flight data for laminar flows 
without afterbody TPS blowing

Ref:  JTHT, Vol 17, No 2, 2003

Temperature Contours at t = 1634 s
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Reacting Flow Environments Branch

Afterbody Heating
Apollo AS-202: Validation with Flight Data

• Problem: Current 
uncertainty on 
afterbody heating 
predictions is very high

• Goal: reduce 
uncertainty levels by 
validation with flight 
data

Afterbody Calorimeter Placement

⇒ DPLR Computations 
generally agree with 
flight data to within 

±20% uncertainty at 15 
of 19 calorimeter 

locations.

Ref: AIAA 2004-2456

Surface Oilflow
t= 4900 s,ReD = 7.6×105
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Afterbody Heating
Work in Progress and Identified Gaps

Advanced Simulation of Titan Entry

Radiative Heating to Titan 
Aeroshell Afterbody

Uncoupled Coupled

Turbulent Flows
• University of Minnesota is working on 

advanced models; presented as AIAA Paper 
No. 2004-2633

• ARC is looking at validation of existing models 
for turbulent wakes

Afterbody Radiation
• methodology in place for optically thin flows
• AIAA Paper No. 2004-0486 examined 

radiation for Titan aerocapture, including 
effects of coupling

Material Response Interactions
• methods require validation with flight data
• Apollo 4 & 6 flights are the best data source
• recommend continued work on in this area

Solution: More work must be done for the 
range of entry missions

• code validation with Apollo 4 & 6, Reentry F
• other (non-Earth) destinations
• open backshells (fluid-payload interactions)
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Reacting Flow Environments Branch

Radiation-Flowfield-Ablation 
Coupling
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Reacting Flow Environments Branch

Flowfield-Radiation Coupling
Radiative Heating at Titan

♦ ARC-developed fully coupled 
methodology (AIAA Paper No. 
2004-0484) enables accurate 
assessment of radiative heating 
for optically thin radiation (no 
absorption)

♦ Coupled radiative heating less 
than half of uncoupled levels!

♦ Radiation coupling also reduces 
convective heating by about 30%

♦ Results in more than a factor of 
two reduction in heat load

t = 253s, 6.5 km/s lift up min. atmosphere

For this environment, coupled solutions are required to obtain reasonable 
aeroheating predictions and to make informed TPS decisions
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Flowfield/Radiation/Ablation Coupling
Status and Identified Gaps

Loosely coupled methodology has been demonstrated for 
weak to moderate coupling

• Stardust design included coupling effects
• Method becomes intractable for strongly coupled flows (outer planets, Venus, 

high velocity Earth entries)
• Solution: tighter coupling must be enabled through model development

Fully coupled radiation modeling for optically thin gases only
• Demonstrated for Titan (AIAA Paper No. 2004-0484)
• Solution: Additional development is required for application to absorbing gases 

(required for most non-Titan applications)

Gas-surface interaction modeling models under development
• Extremely important for cases where surface is not in equilibrium (Mars, some 

Earth missions, afterbodies at all destinations)
• Current application to carbon-phenolic materials (AIAA Paper No. 2004-2270)
• Most required rates are not known at this time
• Solution: additional development required, including experimental determination 

of necessary rates (side-arm reactor, plasma torch, arc jet, etc.)
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Giant Planet Entries
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Aerothermal Gap Summary
Outer Planet Entries

Line/Band Models

Excitation Model

Chemical 
Kinetics Model

Afterbody

Flowfield-Ablation
Product Coupling

Laminar

Flowfield-Radiation
Coupling

Roughness 
Augmentation

Forebody

Ionization 
Physics Model

Multidimensional 
Transport

Ablation Product
Blockage

6+

3

<3

Gas-Surface
Chemistry

Pyrolysis Blowing
Augmentation

Turbulent

Current TRL:

4-5
Neck (Wake) 

Radiation

a)
b)
c) 
d) Galileo

Turbulent Transition
Model

1 2 3 4

1) Titan Entry (V ~ 7 km/s)
2) High Speed Titan Entry (V > 9 km/s)
3) Low Speed Giant Planet (V < 35 km/s)
4) High Speed Giant Planet (V > 35 km/s)

LegendN/A

TransportProduction

Aerothermal Environment

Convective Heating

Flight Data Availability
a b c d

Radiative Heating

Smooth Wall
Turbulence Model

Relevant Ground
Testing Capability



September 2 2004 MJW - 35

Reacting Flow Environments Branch

Giant Planet Entries:
Modeling Challenges

High entry velocities, coupled with H2/He atmospheres, lead to 
extremely complex flowfield physics

• High radiative heating rates
• Massive ablation, leading to tight coupling and shape change
• Thermal nonequilibrium models have not been developed for such atmospheres

Very limited ground-based testing capability
• Cannot test materials in a flight-relevant environment
• Very few facilities can operate with hydrogen as the test gas effectively and safely
• One capability is Ames EAST shock tube, which can be used to measure shock layer 

radiation and chemical kinetics

Potential for structural uncertainties is large
• Galileo probe data still have not been satisfactorily explained
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Chart from Rich Young, NASA ARC⇒ Final shape reconstructed using data from 10 ablation sensors in heatshield
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Giant Planet Entries:
Neptune Aerocapture Concept

One year NASA systems study
• Results presented as 8 papers at recent AIAA 

Flight Mechanics conference

Mid L/D concept ellipsled chosen as 
entry vehicle
Aerocapture is challenging from a 
TPS standpoint; high heat fluxes 
and high heat loads possible
A closed design was obtained, but 
uncertainties in aerothermal 
modeling for this environment led to 
large TPS mass fraction

• Worst-case windside environments required 
13 cm of fully dense carbon phenolic - beyond 
current manufacturing capabilities

Further improvement of our aerothermal models for this severe 
environment, enabled by ground-based testing of the flight-relevant 
physics, are potentially enabling for this mission class 

Neptune Aerocapture Concept


