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. Background - Nonequilibrium Flows
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Neitzel, Andrienko, and Boyd, "Aerothermochemical Nonequilibrium Modeling for Oxygen Flows,” JTHT, 2017.
Holloway, Hanquist, and Boyd, “Assessment of Thermochemistry Modeling for Hypersonic Flow over a Double Cone,” JTHT, 2020.
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Background - Nonequilibrium Flows — Multi-Temperature

Two-temperature (2T)

Energy Transfer Chemistry
Ttr=Trot : Tvib=Tee 02+O D — O+O+O
0(pevin) _  eyip — euib ke =A-T%xp(—E/T)
ox o ¢
vib

Millikan-White (MW)

°
pTyip = exp(A(T™Y/3 — B) — 18.42) [atm — sec] 4?

Park’s High Temperature Correction (HTC) ¥
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DTpark = latm — sec]
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Background — Nonequilibrium Flows — State Resolved

Internuclear Separation (7)

Non-Boltzmann distribution in
Mach 5 flow
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Motivation

Bound-Bound Transitions (rates) / Analytical theory (e.g., Forced Harmonic Oscillator (FHO))

Bound-Free Transitions (rates) % Quantum chemistry (e.g., Quasi-classical Trajectory (QCT))

.......
= L e

* Rates from quantum chemistry are
expensive and often done on
different vibrational energy ladders

* This creates a modeling challenge
for complex mixtures

Dunham
Varandas
WKB

Energy
>On

* Goal: develop a consistent _
mapplng between Vlbratlonal Ilrriternuclear Separation (r) o 1§,ibf£ti°'12:l Stgge’ '?5 e
ladders
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Motivation - Example
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OBJECTIVE 1: MAP RATES FROM ONE
VIBRATIONAL LADDER TO ANOTHER

Rarefied Gas Dynamics 2024 9 ph‘
A® 4 RCH



. Approach — Mapping — Taylor Series Expansion

45000 -
40000 |

35000 |

Energy [cm?]

10000 |

5000 f

30000 F
25000 |-
20000 |

15000 |

>0

Varandas
Dunham Expansion

> &k
> (zr — T0)&k
DYk — vo)ék

> (Tk — T0)Ek
S (zk — T0)%&k
> (xr — o) (Yr — Yo)ék

&k

> (ye — yo)éx
>_(zk — 20) (Yx — Yo)&:
> (yx — v0)%&
- 1
 (zk — zo)* + (Y& — Yo)*

| | | |
oo
[ (&)

| |
Final Vibrational State

|
w
(6]
Absolute Percent Difference [%]

|
— — N

|
o
(&)

O Ll
So

20 30 40
Vibrational State

*Andrienko and Boyd, “Kinetics of O2-N2 collisions at hypersonic temperatures,” AIAA Paper 2018-3438.
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**Mavriplis, “Revisiting the least-squares procedure for gradient reconstruction on unstructured meshes,” AIAA Paper 2003-3986.
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. Results — Mapping — Taylor Series Expansion
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Results — Mapping — Taylor Series Expansion
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. Results — Mapping — Taylor Series Expansion
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Results — Mapping — Taylor Series Expansion
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. Results — Mapping — Taylor Series Expansion
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Results — Mapping — Taylor Series Expansion
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. Mapping Approaches — Radial Basis Functions (RBF)

©- -

¢(r) = r*log(r)

r=|v—di

f(v) =) wig (v —di)

(Ild1 —ds
(I[d2 —d4

)
)

6 (|l — di )

¢ (||dy — dn||) W1
¢ (||d2 — dn||) w2

6 (Idn — dal)| |wn

Energy [cm?]

45000

40000 |

35000 |

30000

25000

20000 |

15000

10000 |

o o o
o

O =4 = M M 0w w ~ b
(@) ] (6)] (6] (@) ]
Absolute Percent Difference [%]

(&)

o bbb bbb b b b o b b bl
o

I T
20 30 40

Vibrational State

Ay

Rarefied Gas Dynamics 2024

7 [FRchH



. Results — Mapping — Radial Basis Functions
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Results — Mapping — Radial Basis Functions
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. Results — Mapping — Radial Basis Functions
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Results — Mapping — Radial Basis Functions
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. Results — Mapping — Radial Basis Functions
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Results — Mapping — Radial Basis Functions
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OBJECTIVE 2: PERFORM STATE-TO-STATE
SIMULATIONS OF OXYGEN-ARGON
FLOWS
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Approach — State-to-State Modeling

* Approach 1. perform state-to-state simulations in 1D code designed for argon-
oxygen mixtures’

O It works!

O Difficult to test different configurations/mixtures

dn,

- 2 ’ -

- Rv,snons - Dv,snvns + Kv’,vnvns - Kv,v’nvns ’ V= O, «eos Vmax
dx

A A

* Approach 2: implement state-to-state capabilities into Mutation++, which is
coupled to existing CFD codes

O In development
O More easily extended to different configurations/mixtures

'Hanquist, Chaudhry, Boyd, Streicher, Krish, and Hansen, “Detailed Thermochemical Modeling of O2-Ar Mixtures in Reflected Shock
Tube Flows,” AIAA Paper 2020-3275.

’Scoggins, Leroy, Bellas-Chatzigeorgis, Dias, and Magin. ”Mutation++: MUIticomponent Thermodynamic And Transport properties for IONized
gases in C++”. SoftwareX 12, 2020.
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Results — Assess RBF mapping approach

e Mach 9.44 oxygen flow at “40 km altitude !
e 02-02 and O2-0 rates?
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Ibraguimova, Sergievskaya, Levashov, Shatalov, Tunik, and Zabelinkii, The Journal of Chemical Physics, 2013.
2Andrienko and Boyd, Physics of Fluids, 2015; Chemical Physics, 2017; The Journal of Chemical Physics, 2016.
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Approach 1 — State-to-State Modeling

e Oxygen diluted in argon flows' Case 5280 K Case 10710 K Case
Shock Velocity
2
* O,-O, and O,-0 rates Incident [km/s] 1.55 224
Reflected [km/s] 0.79 1.09
PY _ 3 Apertures  Endwall
O 2 Ar rates : %,m' Before Incident Shock
+_ N Bearpr lf“er Composition [mol fraction O;] 0.02 0.05
oy oS S | Focusing ,_C()l(l)l;tlfct - Pressure [torr] 2:925 0.08
_— %—__—W «__ Pellin-Broca Temperature [K] 296 296
Pfeszufe Mitrons e Between Incident/Reflected Shock
Transducer *
Shock Wave Fourth Composition [mol fraction O;] 0.02 0.05
Pifsﬁre Fiber optics gi‘ﬂé‘r‘;‘t‘é‘; Pressure [torr] 65.4 4.56
I Temperature [K] 2,400 4,700
_ iﬁ;?gmp After Reflected Shock
Bristol — 21d harmonic Pressure [torr] 344 28
A — 4" harmonIS Temperature [K] 5,300 10,700

IStreicher, Krish, Hanson, Hanquist, Chaudhry, and Boyd, “Shock-tube measurements of coupled vibration-dissociation time-histories
and rate parameters in oxygen and argon mixtures from 5,000-10,000 K,” Physics of Fluids, 2020.

2Andrienko and Boyd, Physics of Fluids, 2015; Chemical Physics, 2017; The Journal of Chemical Physics, 2016.

3Kim and Boyd, Chemical Physics, 2014.
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Results — Diluted Oxygen Flows — 5280 K case
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Results — Diluted Oxyge

Flows —

10,710 K case
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Approach 2 — State-to-State and Mutation++
++
Mutati@n
Model Abstraction
Modlules

Computational
Fluid Dynamics

Physical Laws

Discretization ocal Thermo. Transport

state-vector

Coordinate System _ : Kinetics GSI
physicochemical

Boundary Conditions properties Utilities

Databases Algorithms

Scoggins, Leroy, Bellas-Chatzigeorgis, Dias, and Magin. "Mutation++: MUlticomponent Thermodynamic
And Transport properties for IONized gases in C++”. SoftwareX 12, 2020.
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'Torres, Bellas-Chatzigeorgis, and Magin, “How to build coarse-grain transport
models consistent from the kinetic to fluid regimes ,” Physics of Fluids, 2020.

Approach 2 — State-to-State and Mutation++

* We are not the first to perform state-to-state in Mutation++

O Rovibrational binning of nitrogen - Torres et al.
O Collisional radiative of electronically excited argon flows - Boccelli et al.

O But we are trying to create a generic state-resolved framework in Mutation++

_ 60000 | ™~ 10bins — : 45000
60000 | T 100bins —e—
' 837 bing —+— - 40000 o0
b ~~ (o}
| R
40000 | fu g ]
40000 | < 30000
20000 ¢ ‘g
\T g 20000 +
O : 1 . lnt 1 i 1 .
20000 ¢ 0 0.002  0.004  0.006
10000 -
0 ; | ; ! . ! ; ! s ! 0 c.:.:.:.:.:.“.Z'.‘."""'""‘:‘:;;'; 011 0105 0
0 0.02 0.04 0.06 0.08 0.1 ‘ Dista.nce from stagnat.ion point [m] .
X [m]

2Boccelli, Bariselli, Dias, and Magin, “Lagrangian diffusive reactor for detailed
thermochemical computations of plasma flows ,” Plasma Sources Sci. Technol., 2019.

Ay
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Approach 2 — State-to-State and Mutation++

* Mutation++ requires:
o Mixtures V
o Rates V

O Thermodynamic database
" Specific Heat
" Enthalpy
" Entropy
" Gibbs Free Energy
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. Approach 2 — State-to-State and Mutation++

) +Tdr [In (Q)]: Sint = NK |In (%) TOr [In (Q)]_

Cint = RTza-T In (Q)]

hir = €4y pv hint = €int
- Oesr aeint
(Cp)tr — ( oT )V + R (Cp)int = ( 6T )P

Jint — hint = Tsint
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Approach 2 — State-to-State and Mutation++
. Translational Mode

B (etr)a ) h* [ni nj
Qu = Zexp( T Z P\ T 8mkT a?  a?

niy,n2,Nn3

ac A

oo = e[t 110 (%) + 70

5 orm1%%\ 5
= 4 éln(kT)—ln(P)—I-ln( 72 )+§

htr = €tr + PV = RT28T [ln(Qtr)] + RT = —RT

o 8etr _3 _5
3= (aT)VJrR— 'R+ R= R
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Approach 2 — State-to-State and Mutation++

. Rotational Mode

— OrotJ
Qrot — Z(ZJ —+ ].) exp ( b EF
3=()
Si i = d [
rot — T
hrot RT2 a

(Cp)rot = (

aerot
oT

NEKT In [Qrot]] = J3

) 7\
5T -ln (emt)- =1

)

D) < [“r+ oo

dJ =

o Orot
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Approach 2 — State-to-State and Mutation++
. Vibrational Mode

Qvib = exp(—%)
o= = [0 s ()] =~ [er [ 5]) o
o = 1% i e ()] = A (55) = e

aevib
(C )Vib — ( ) =
? or ).,
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Approach 2 — State-to-State and Mutation++
. Electronic Mode

0 | i &0 O\ 1]
S = aT | NEKT In goexp( T)-l—glexp( T) |
; g1 01 (91/90)(61)(T) exp(—61/T)
= R |In +In{1+ =e |
_ (90) { 90 Xp( T)} 1+ (g91/90) exp(—01/T)
T 6\ 9101 (& exp (%))
he = RTZ + g1 €X (—-—-) =RT2 Z4 T
1 9T 90 g1 €Xp 71 _ go+g1exp( T)
aeel 91 ;Loexp( Ql)
(Cp)el == BT = R T 0 2
v 1+ Zexp(-9)]
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Boltzmann Distribution at Equilibrium using Thermodynamic
Database at 5000 K

mmmm Analytical
‘“~ M++
)
)
~§
1073 8§
] )
] )
)
) )
)
~§
1074; ~§
] )
] )
N
)
~§
< N
*\\ 10—5__ ~~
< ] N
N
N
~§
N
)
x
107° N,
] N
] “u
N
N
§~~
_7_
10774 ....
] S
oy Ny
NN EmEEmms

=
CrRY RV Se Ol GeGe R ERRRBR TRV BARLGEARRBEREEEE
Species State Number O,,

Rarefied Gas Dynamics 2024 38 ph‘
A® 4 RCH



98%N., - 29%CH, mixture, u_=5150ms", p, = 13.3 Pa
brODErs ;- 2%CH, : .

. 13000
e brODErs is a collection of ODE solvers 20 T, our el
. . . 11000 -~ === 1, our results
for chemically reacting hypersonic o T NASA Ames
flows developed at the von Karman *——x T, NASA Ames
. . . 9000
Institute for Fluid Dynamics
. . < 8000
* The downstream flow field is £ 7000 {/
computed by solving one-dimensional oo ,u!
. . 'y f
conservation equations of mass, S 50003
momentum, global energy, as well as — .
conservation of vibrational o -
energy of the 5000
* Problem Setup: 1000
* Freestream Pressure = 31.18 Pa AN
O :reestream Temperature — 250 K Distance from shock front [m]
Magin, T. E., Caillault, L., Bourdon, A., & Laux, C. O. (2006). Nonequilibrium
¢ :reestream VelOCity — 5255 m/S radiative heat flux modeling for the Huygens entry probe. Journal of

Geophysical Research: Planets, 111(E7).
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brODErs

mmmm Analytical
brODErs

10_1‘5

10_2'5

NN

10774

10784

1 1 1 1 1 1 1 IA 1 1 1 1 1 1 1 1 1 1 1 1 1 | | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ] 1 1 1 1
Rt A T R R R A T R Y S T A T L R A X
Species State Number O,

Rarefied Gas Dynamics 2024 41 ph‘
A® 4 RCH




CFD — Unsteady

local state Mutation*
> . .
< * physicochemical models,
» algorithms, and

physicochemical

code properties

* data

e Euler Solver

e Mesh' 5x5 Grid Maier, et al., AIAA Paper 2023-3488

* Boundary Conditions o et
* Symmetry walls (no boundary layer g N\
effects) P T
Expansion. : Particle path
¢ SUZ'NEMO CFD COde fan ‘ @ Shock wave
. Position
* Test Case: Heat Bath (section 5 of . Swodue
reflected shock tube) Figh pressire region  pigpiragr Low pressre region

e T=15,000 K, P = 11040 Pa
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CFD - Unsteady
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CFD — Unsteady

Translational Temperature Pressure
11000 -
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8000 - = 7000 -
) o
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© 7000 - =
O v
e o 6000 -
@ 6000 - a.
5000 - 5000 -
4000 -
4000 -
3000 i 1 1 | 1 1 I I 1 I I
0.000 0.005 0.010 0.015 0.020 0.000 0.005 0.010 0.015 0.020
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Pressure (Pa) .
F B T T T T EE.
u t u r e WO r k . 100 600 1100 1800 2100 2600 3100 3600 4100 460C 5100 5800 6100 6600 7100 7600 8500

° . o -0.4 0.2 0 X (m) 0.2 0.4 0.6
Reflne mapplng appraOCh Tral?slaﬂonalTemp.(K) Mw ?!’0 9:)0-”00 13100 15%
O Binning approach (10 state?) g .l 1
O Machine learning/physics informed for rates P D am BB 8000

B [ ]

30C S00 700 900 1100 1300 1500 800

* Run in shock tube to assess thermal bath r—
aSSLImptIOn | 04 02 0 om 02 04 06

O Are we not matching experimental data due
to rates or assumptions (e.g., heat bath)?

Vibrational Temp. (K)

y (m)

O Our talk on Monday Coupled vibration-dissociation time-histories and
. . rate measurements in shock-heated, nondilute
* Assess modeling approach with recent O, and O,-Ar mixtures from 6000 to 14 000K @
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