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Overview

* This talk describes the recent efforts within NASA to
develop detailed models for the physics and chemistry
that takes place in the gaseous envelope that surrounds
space vehicles when they enter the atmosphere of Earth,
Mars and other planets.

- The NASA Fundamental Aeronautics Program (2006) established
hypersonics research as one of its priorities

- One thread has been the development of a physics and
chemistry based model to describe hypersonic flows

- This research program is now supported by NASA’'s Space
Technology Mission Directorate

* |n this talk | will discuss some of the methods we are
using to meet this objective
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Outline

* A short introduction to entry physics and observation-
based models for nonequilibrium chemistry

* Theoretical and computational methods used for
constructing physics-based models

* Example #1 (Earth entry): N, dissociation

* Example #2 (Mars entry): CO dissociation and exchange
reactions

* Plans for a complete physics-based model

° Summary
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Atmospheric Entry

* Atmospheric entry for Earth occurs at ~100 km altitude
- 4-6 km/s for suborbital trajectories

10-11 km/s for lunar return

> 20 km/s for meteors

The flowfield around a
spacecratft is characterized
by complex physical and
‘chemical phenomena

November 28, 2016

8 km/s for trajectories from LEO and GEO

12+ km/s for return from beyond the Earth-Moon system

Bow shock —
\ ~ Flow separation

Boundary — \

~ Shear layer
layer

~— Transition to turbulent
— Impingement (reattachment)

Viscous —
interaction

Surface
recombination

Radiation .

Dissoclation-
ionization g
(thermochemical “——Reaction
non equilibrium) . £ control

plumes

Transition to
turbulent

Ablation —

~— Control
Shock-shock interaction — surface



Typical Entry, Descent and Landing Scenario 1&59

* Mars Science Laboratory (2012), payload weight 900 kg

- Guided entry: 4.5 m diameter, 2400 kg aeroshell, velocity 5.8 km/s
at entry (80 km) slowed to 0.5 km/s at 10 km altitude when
parachute deployed (4 min after entry)

- Landed 2.4 km from center of target ellipse (7x20km)
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Characteristics of Nonequilibrium Chemistry NA

* Earth free stream condition: N, and O, at low (T,,P,)

* After the shock, flow relaxes toward new equilibrium condition (T,,P,)
with T <tg <7y
- Inelastic collisions result in transfer of translational energy to rotation, vibration and
electronic modes

- Dissociation of molecules occurs only from high-lying rotational and vibrational levels (O,
dissociates first due to its smaller bond energy)

- Once atomic species are present, exchange reactions (e.g., O + N, = N + NO) also help
convert N, to NO which also has a lower bond energy

- lons and electrons form initially by associative detachment (e.g., N + O — NO* + ¢")

- Inelastic electron-heavy particle collisions lead to further vibrational and electronic
excitation and ionization of atoms and molecules

* |If specific internal energy modes are described by separate temperatures
(Tr, Ty, Tg), these temperatures start at T, at the shock and increase
until they are equal T

* As the flow is shock-heated, some atoms and molecules are highly
excited and undergo intense radiative emission that is often observed
just behind the shock

This is called nonequilibrium radiation
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Nonequilibrium Heating
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Breakdown of LTE Models

* Shock tube experiments carried out for the Apollo
program demonstrated that nonequilibrium radiation is
produced during the induction period before dissociation

* Early CFD simulations of re-entry flowfields that assumed
local thermodynamic equilibrium (LTE) did not adequately
observed features of the flow
- Incorrect shock stand-off distance
- Pitching moment too small
- Poor predictions of the radiative heat flux, especially in low-density

regime

* [t was evident that a one-temperature model could not
accurately describe the chemical non-equilibrium in the
shock layer

* Early efforts to describe these phenomena using multi-
temperature models were not successful
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Two-Temperature Nonequilbrium Chemistry
Model

* Chul Park created a successful two-temperature model to describe the
important effects of nonequilibrium chemistry in the 1980’s. The key
development was the use of the geometric mean of T and T, to control the
dissociation rate.

* The second temperature T, is determined from the Landau-Teller relaxation

model
0y (Ty) _ (Ey(Ty) = Ey(T))
ot Ty

— Geometric mean temperature used for dissociation is T,, = [T*T,]"?

— Arrhenius rate coefficient expression (k.,,, = AT exp(-T,./T,,) is used for collisional
dissociation reactions

- Rotation level populations are given by Boltzmann distribution at T (Tg = T)
- Electronic state populations are given by Boltzmann distribution at T, (T, =T,)
* This empirical formulation enabled CFD simulations to reproduce certain

nonequilibrium features observed in shock tube experiments and is still widely
used throughout the hypersonics community

xn

Ref. Park JTHT 2, 8 (1988), JTHT 3, 233 (1989), JTHT 7, 385 (1993) & JTHT 8,
9 (1994)

November 28, 2016 9



Successes of the T-T, model

* Park’s two-temperature (or T-T,) model has been widely
applied to forebody flows (compressing) and works fairly
well
- Necessary parameters are easy to determine from experiment

- The Arrhenius parameters are generally adjusted to match
experimental data from shock tubes and from ground-based
hypersonic test facilities (EAST, LENS-XX, etc.)

- Selected parameters are then adjusted so CFD-radiative transport
simulations match benchmark radiative emission profiles or line-by-
line emission spectra

* It can be readily incorporated into CFD codes without
significant increase in the computational cost
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Shortcomings of the T-T,, model

° For highly excited ro-vibrational levels, separation of the internal
energy into vibrational and rotational components is problematic
- Effective dissociation energy of a diatomic molecule varies with rotational level

- For high degrees of rotational excitation, quasi-bound vibrational levels exist and
can make important contributions to the reaction rates

* The tuning of reaction rate coefficients does not yield a unique set of
parameters

- Using benchmark data for different shock speeds results in different parameter sets
(and the accuracy of a parameter set deteriorates as one strays farther from its
benchmark condition)

- Parameter set is also sensitive to the values of energy relaxation times used for the
tuning

- Comparison between tuned and experimental or computed rate coefficients is
difficult

* Difficult to define T, (and T,) when dissociation is nearly complete

* Sometimes different formulations of T, are needed for each diatomic
species
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Biggest shortcoming of the T-T, model

* Parameter sets tuned for compressing flows generally
work poorly for expanding flows

- Expanding flows (e.g., afterbody) generally have T, > T and
molecules formed by recombination

- Physical models of the relaxation processes are quite different

- T-T, model results (without retuning) seem to give anomalously
high radiative heat flux

* Problematic to use this model for “whole vehicle” CFD
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Outline

* A short introduction to entry physics and observation-
based models for nonequilibrium chemistry

* Theoretical and computational methods used for
constructing physics-based models

* Example #1 (Earth entry): N, dissociation

* Example #2 (Mars entry): CO dissociation and exchange
reactions

* Plans for a complete physics-based model

° Summary
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New Paradigm

* Accurate quantum mechanics calculations to quantify interaction
energy between atoms and molecules

- Potential Energy Surface (PES) obtained from solution of Schrodinger
equation

- Repeated for many geometric arrangements of the atoms (for n atoms
there are 3n-6 degrees of freedom)

- Goal is < * 5 kd/mol relative accuracy (~0.05 eV, ~400 cm)

* Classical mechanics simulations of heavy particle collisions to
compute collision cross sections and rate coefficients

- Compute trajectories of many individual collisions (Quasi-Classical
Trajectory or QCT calculation)

- Monte Carlo sampling used reproduce random or thermal collisional
distributions

(Ref: Jaffe et al. “First principles calculation of heavy patrticle rate
coefficients” in “Hypersonic onequilibrium Flows: Fundamentals and
Recent Advances”, E. Josyula, ed, AIAA 2015)
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Quantum Mechanics Refresher

* Time independent electronic Schrodinger equation
(clamped nuclei)

[_ ‘_2’.‘;1 vz 4+ V(r)] u(r) = Eu(r)

* V = +1/r;, (for electron-electron interactions)

— Coulomb interaction for potential energy calculations (indices i,
run over all the electrons)

— Non-local term making exact solution difficult

* Wavefunctions (u) and energy (E) determined by double
basis set expansion method
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Methods — PES for N, + N & N, + N,

* With all the advances in computer hardware and quantum
chemistry algorithms, achieving chemical accuracy (~4
kd/mol) is still difficult for 4-atom cases (e.g., N,+N,)

- Hybrid approach used for the N, PES
1 Large atomic-orbital basis set expansion

2 Multi-Reference Configuration Interaction (MRCI) for geometries
where the N-N bonds are greatly stretched

3 Single-reference method (CCSD(T)) for other geometries
4 Accurate empirical diatomic potential function for N,

* Energy computed for ~4000 geometries and fit to an
analytic function for use in QCT calculations
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ab initio Potential Energy Surface for N, + N Collisions

Analytic representation of ab initio quantum chemical
energies over an unstructured grid of N; geometries

Relative energies accurate

to +5 kJ/mol
N, potential well

Exchange reaction barrier

color key
blue - low energy
red - high energy
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Analytical Representation of the PES

° Some research groups choose to compute ab initio energies at
20,000-40,000 geometries and use multidimensional splines as a
fitting function, we choose to compute the energies at far fewer
geometries (~5000) and use more complicated fitting functions

* Many body decomposition of the potential energy for the N, + N PES:
V= VNN (Rab) 4 ) VNN(Rbc) ¥ VNN (Rac) T VS—bOdy (Rab: Rbm Rac)

- VNN (2-body term) is sum of repulsive, short-range and long-range terms:

CG CS ClO
49exp(—a,R)/R F R°exp(~ ZC R—R) T "Rmois (Ri+o0)2  (B+065)

- \/3bodyterm is the sum of short-range and long-range terms:
VS_bOdy = VLR (Rca Tey 96) + VLR(RG; Tay ea) + VLR(Rb; Tby gb) + VSR(Rab’ Raca Rbc)

VSE — Z exp(—bir2 — b R2) Z CijkreR:, Pi(cosby) VLR = _CgPy(cos ) exp [—a“”' (R- RLR)] /(r® +1§)
ijk

- Non-linear least squares fit carried out using the following weight function:

w=1+ay Z exp [——aR (Ra — RtS)Q — ag(cos Xo — COS X1s)? — a(Ra - fzts)Z]
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*Rotation and vibration are not
separable! For high rotation
quantum numbers (J),
dissociation energy is reduced,
rotational and vibrational
spacings become comparable
Many long-lived vibration levels
above dissociation limit
(quasibound)

New N, potential (Leroy, J
Chem Phys 2006) from
experimental measurements;
Voo =060and J_.. =279

*0390 ro-vibrational levels for N,
(X'Zg")
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Quas-iClassical Trajectory Method (QCT) (1) NA

* Hamilton’s equations of motion (q;, p; are coordinates and
momenta; H is total energy):

aqi OH dpi OH 0VpEs

dt op; dt dq; dq;

* Simulate collisions like N + N, or N, + N,,

- Initial conditions correspond to N,(v,J) with random orientation,
rotation and vibration phase, impact parameter (b) and relative
collision velocity (Vg)

- State-to-state cross section obtained from a large sample of
trajectories bmax

SR (Ui:]i;vf;]f;VR) = Zﬂf Pr (Vz,b)bdb

0

- Pr = N;/N,,; (N;is the number of trajectories with final state f)
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Methods — QCT (2)

* State-to-state rate coefficient obtained by integration of
Boltzmann-weighted cross section over collision energy

(ER):

1 : W L E;
kif(T) = g(?kBT)' (pﬂr)_? [) O’if(Ei) E; exp (— )dEl

L)

kT

* The thermal rate coefficient k.,,(T,T’) is obtained as the

Boltzmann weighted sum of the state-to-state values (with
I'=TorT,)

* QCT uses Monte Carlo sampling procedures with relative
statistical sampling error (1-0) equal to N;*
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Outline

* A short introduction to entry physics and observation-
based models for nonequilibrium chemistry

* Theoretical and computational methods used for
constructing physics-based models

* Example #1 (Earth entry): N, dissociation

* Example #2 (Mars entry): CO dissociation and exchange
reactions

* Plans for a complete physics-based model

° Summary
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Example #1 N, Dissociation

° Energy Transfer:
- Ny(v,J) + No(v.,J’) = N,(v,J) + Ny(v¢,J7) ~9390%/4 reactions
- Ny(v,J) + N = Ny(v,J) + N ~9390% reactions
* Dissociation:
- N,o(v,J) + Ny(v/,J’) = N+ N+ N,y(v/J/) ~9390°%2 reactions
- Ny(v,J) + Ny(v,J’)) = N+N+N+N ~9390%/2 reactions
- Ny(v,J)+ N—=N+N+N 9390 reactions

* For N, + N we computed all state-to-state rate coefficients
(AIAA-2008-1208,1209 & AIAA-2009-1569) but for N, +
N, that is impractical
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Coarse Grained Models

* Use of complete sets of state-to-state rate coefficients is
problematic for reactions involving N,
- We have been developing coarse-grain models as an alternative
- These will be discussed by Professor Panesi in the next talk

* An alternative to coarse-grain models is a T-T, , model
which uses a separate temperature to rotation-vibration

energy

- However, this model does not capture the details of nonequilibrium
chemistry, because the high-energy rovibrational level populations
deviate from a Boltzmann distribution

- Dissociation is initiated from these energy levels
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What Collisional Processes are Important?

* Dissociation of the atmospheric molecules is a key
chemical process taking place in hypersonic flows

- O, (with dissociation energy of 5eV) and N, (9.6 eV) in air

* Heterogeneous exchange reactions can provide lower
energy (i.e. faster) routes for N, removal
-N,+ O—= NO+O
- 0,+ N—= NO+N

°* Homogeneous exchange and inelastic processes control
ro-vibrational relaxation times

For Earth entry at speeds of 10 km/s or greater, the rate of
N, dissociation is one of the important processes for
determining the non-equilibrium temperature overshoot, the
magnitude of N-atom VUV radiation and the establishment
of thermochemical equilibrium in the shock layer
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N, Dissociation

° Experimental data
- Appleton (1968) N, + Ar, N,, N 6000 — 15,000 K
- Hanson (1972) N, + N,, N 6000 — 12,000 K
- Hornung (1972) N, + N,, N 5000 — 15,000 K
- Roth (1985) N, + N, 3400 — 6500 K

* Park (1993) T-T,, model

* Computation
- NASA Ames (2008-2013) QCT
- U. Minn (2014) QCT

Ref: Jaffe et al. AIAA 2016-0503
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N, Dissociation Rate Coefficients
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Rate Coefficient (cm”*3/mol.s
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Excellent agreement
between NASA and U.
Minn. QCT results

Good agreement between
Park model and QCT

Fair agreement between
QCT and expt.

29



Rate Coefficient (cm”3/mol.s
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Conclusions for N, Dissociation

* Excellent agreement between QCT rate coefficients from
two different research groups

- PES calculations were planned and executed independently

° Inconsistencies in the experimental data make it difficult
to use for validation of the QCT results
- Individual experiments do not span the relevant temperature range

- Use of multiplicative scale factors for different collision partners
only justified because of data limitations

* Extrapolation of experimental Arrhenius expressions
beyond the temperature range of the data is risky!

- Large temperature exponents cause spurious curvature in the high
temperature data
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Outline

* A short introduction to entry physics and observation-
based models for nonequilibrium chemistry

* Theoretical and computational methods used for
constructing physics-based models

* Example #1 (Earth entry): N, dissociation

* Example #2 (Mars entry): CO dissociation and exchange
reactions

* Plans for a complete physics-based model

° Summary
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What Collisional Processes are Important?

* Mars atmosphere is ~96% CO,, ~2% N, ~2% Ar

* Dissociation
- CO, (5eV) very fast and nearly complete
- CO (11 eV) rate determining process

* Heterogeneous exchange reactions can provide lower
energy (i.e. faster) routes for CO removal
-CO+0— C+0,
- CO+N—= O+CN
-CO+C—- 0+C,

For Mars entry at 6-8 km/s, the rate of CO dissociation is
critical because CO 4" positive radiation is a dominant
source of heating
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Example #2 CO Dissociation

° The radiative heat flux experienced by spacecraft entering
the Martian atmosphere at 5-8 km/s is mostly due to the CO
4% positive band system (A < 200 nm)

- Radiative heating is therefore proportional to the mole fraction of CO
In the bow shock layer

- CFD-Radiative transport calculations using the T-T,, Mars chemistry
model (Park et al. JTHT, 1994) predict greater radiance than observed
in tests using the Electric Arc Shock Tube at Ames

- Johnston and Brandis (JQSRT, 2014) scaled some of the rate
coefficient parameters to force agreement between CFD and EAST

* Ab initio PESs have been computed for CO + Ar and CO +
O and used in QCT calculations of CO dissociation rate
coefficients (Schwenke et al., J Chem. Phys. submitted )

- Experimental data for CO + Ar seem more reliable than for CO + O
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After nearly all of the CO, is dissociated, CO and O are the

major species (with equal mole fraction)

Experimental data

Davies (1964) CO + Ar, CO,0
Appleton (1970) CO +Ar, CO, O
Hanson (1974) CO+CO, 0
Mick & Roth (1993) CO +Ar, CO

Park (1994) T-T,, model

NASA Ames (2014-2015) QCT

Very good agreement between QCT
and Appleton and Mick and Roth expt.
Fair to good agreement between QCT
and Davies and Park (94)
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Rate Coefficient Ratios for CO Dissociation NA

* Early experimental values (pre-1972)
= KeorcoKeosar = 1-2 KeorolKeorar = 19

* Park (1994) T-T,, model
= KeoscolKeosar= 10 KeorolKeosar = 19

* Johnston and Brandis (2014)

= Keorco/Keosar= 10 KeorolKeorar = 19
= KcorarusyKcosar(park) = O
* Our objective is to determine these rate coefficient ratios

using QCT calculations and determine how they vary with
temperature
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CO + O (3P)

* Three triplet PESs with equal statistical weight needed for
CO + O (®P) collisions
- Lead to different CO, triplet electronic states (1 3A’, 1 2A” and 2 3A”)
- These CO, states are bent (O-C-O angle ~120°)

- 1 3A has well depth ~45 kJ/mol (~0.6 eV); other states are more
weakly bound

* Heterogeneous exchange reaction forming O, + C also
possible on these PESs

- Reaction is endothermic by 6.1 eV (low in comparison to the 11.2
eV dissociation energy of CO)

° All three PESs used for the QCT calculations of CO
dissociation and exchange reactions
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CO + O Rate Coefficients
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CO + O Rate Coefficients
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Conclusions for CO Dissociation

* Heterogeneous exchange reaction provides a second
pathway for CO removal, especially for T < 10,000 K

- Converts CO to O,, which is readily dissociated at these
temperatures

- Park (94) model has rate coefficient for this reaction that is 10x
smaller than QCT value

- Experimental CO dissociation rate coefficients implicitly include this
reaction by having spuriously large dissociation rates and larger
temperature exponents

°* For CO + Ar, QCT and experimental dissociation rate
coefficients show good agreement

* QCT rate coefficients needed for CO + CO to complete
work on this set of reactions
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On-going Work to Complete the Model

* CO dissociation by CO + CO collisions (PES and QCT)

- Crrent models use a value that seems to be 5-10x too high

° For the other Earth and Mars reactions, high quality PESs
exist and we will compute thermal rate coefficients for O,
dissociation, Zeldovich exchange reactions (O + N, and N
+ O,) and CO +N

* Coarse-grain methods will be used in conjunction with
QCT calculations to provide non-equilibrium kinetics data

- Will be used to compute relaxation parameters
- Can provide an alternative to multi-temperature models

* This will yield a consistent set of reaction rate data for
Earth and Mars entry
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Conclusions

* The effort to create a new physics-based model for
describing nonequilibrium phenomena in re-entry
flowfields is bearing fruit

* Potential energy surfaces and thermal rate coefficients for
dissociation and exchange reactions have been
computed for collisions involving N, and CO

- Independent calculations for N, dissociation from two research
groups show remarkable agreement

- Rate coefficients for different dissociation reactions uncovered
inconsistencies in the older data from shock tube experiments

* Work is progressing toward creation of a data base of
QCT rate coefficients for the complete set of heavy
particle reactions for modeling Earth and Mars entry
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Space tourism is coming!

Get your reservations in
before they sell out

(free downloadable space
tourism posters from:
http://www. jpl.nasa.gov/
visions-of -the-future/
about.php)
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* Back up material
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1933 Moffett Field (US Navy Airfield)
dirigible hangar completed

1938 NACA Ames Lab for aeronautics
research

1951 Ames involved in missile R&D
(pioneering work in CFD &
thermophysics)

1958 NACA became part of NASA
Today NASA Ames Research Center
has more than 2300 research
personnel and contributes to many
NASA programs




Harvey Allen and Al Eggers Blunt Body

Concept

* Theoretical/computational study of the formation of bow shocks for
vehicles traveling at hypersonic speeds

* Shock stand off results in reduced heat flux

 Work at Ames in early 50’s

« Confirmed by ballistic
range tests (Schlieren
photographs)

"~ INITIAL CONCEPT
Sphere-cone has o =
become standard shape z '

for atmospheric entry

\

MISSILE NOSE CONES 1953-1957 MANNED CAPSULE CONGEPT 1957




Meta-Analysis of New CO, Dissociation Rate

Coefficient Data
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Data for CO, + Ar/Kr

k(composite) = 3.83E-14
*exp(-52116/7T)

E, = 103.56 kcal/mol

T =2300-6500 K
P = 50-150 kPa

Need data for CO, + CO,
and P < 10 kPa
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