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Introduction

Motivation
— Saturn/ Uranus probes prioritized in decadal survey?!

Saturn [NASA/ Cassini/@physicsJ) Uranus (NASA, ESA, CSA/JWST/J DePasquale)

INational Academies of Sciences, Engineering, and Medicine, 2022.
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Introduction

Previous Work

— H,/He: Cruden and Bogdanoff? and Liu et al.3
* Slow ionization with non-Boltzmann H(n)

* Numerical studies have not matched without
— Modifications to already questionable ionization rates*>
— Computationally expensive StS kinetic models®’

— H,/He/CH,: Cruden and Tibere-Inglesse® and Steer et al.’
* No numerical comparisons to date

2Cruden, B. A., and Bogdanoff, D. W., Journal of Spacecraft and Rockets, 2017.
3Liu, Y., et al., Journal of Spacecraft and Rockets, 2020.

4Liu, Y., et al., AIAA Scitech, 2021.

5Carroll, A. T., et al., AIAA Aviation, 2023.

6Colonna, G., et al., International Journal of Heat and Mass Transfer, 2020.
“Carroll, A. T., et al., AIAA Scitech, 2024.

8Cruden, B. A., and Tibere-Inglesse, A., AIAA Scitech, 2024.

SSteer, J., et al., Journal of Spacecraft and Rockets, 2024.
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Introduction

p
Objective
— Propose a computationally inexpensive kinetic model
that can accurately predict radiative heating
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Reaction Pathways

Three primary processes that must be considered for H,/He:

I) Excitation and dissociation of H,
H,(J,v) + M < H,(J,v') + M
Hy((J,v)+ M« Hnh=1)+Hnh=1)+M
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Reaction Pathways

Three primary processes that must be considered for H,/He:

I) Excitation and dissociation of H,
H,(J,v) + M < H,(J,v') + M
Hy((J,v)+ M« Hnh=1)+Hnh=1)+M

U

Il) Heavy particle (M) impact excitation and ionization of H
H(n) + M < Hn") + M
Hn) +M e Ht+e  + M

U

I11) Electron impact excitation and ionization of H
H(n) + e~ < H(n') + e~
Hn) +e <o H'+e +e”
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Master

Equations

H, Dissociation

(

Excitation/Relaxation

H,(J,v) + MZH,(/',v)+ M
k2(]1/) 2(/ V') Y

Dissociation/Recombination

\

H,(J,v)+ MZH+H+M
L 2(]V) )
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Master Equations H, Dissociation

4 . , R -, )
Excitation/Relaxation Dissociation/Recombination
H,(J,v) + M ZH,(J',v') + M H,(J,v)+ MZH+H+M
\_ _J \_ _J
on Vinax Jmax Vmax Jmax
% = M Z Z gk v =], v') +ny Z Z Ny (o kU= ]v) = nyng,gwnk(,v = ¢) + nyngk(c - J,v)
v'=0 J'=0 v'=0 J'=0
on Vmax Jmax n Vmax Jmax
= amyny, Y Y Iy 5 ) =2 )Y k(e = ]v)
v=0 J=0 H2 v=0 J=0
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Master Equations H, Dissociation

4 . , ) -, )
Excitation/Relaxation Dissociation/Recombination
H,(J,v) + M ZH,(J',v')+ M H,(J,v)+MZH+H+M
. Y, . Y,
on Vinax Jmax Vmax Jmax
% = _nM Z Z nHz(]’v)k(],'V —)]’,V,) + TLM Z Z nHz(]’,v’)kU"V’ —>], V) - nMnHZ(]’V)k(],V - C) + nMTl%Ik(C _)]; V)
v'=0 J'=0 v'=0 J'=0
on Vmax ]maxn Vmax Jmax
a—:= 2nyny, Z z %k(},v =) — 2nyng 2 Z k(c—J],v)
L v=0 J=0 Hz ' Lv=0 J=0 '
=k :f(w T) =k =f(T) :> kd,th_K
d N, y It T t kr - Tteq
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QSS Rate Constants

H, Dissociation

Kim and Boyd 20121
— Master equation study for H,+H,

1013

18
x 10 —_—
2 | S "E~
o e , Q
1.5} Lkttt 4 Gl
§ f ma
_ Y
7 H, Y — T, —4,000K 5
ER T - - T, = 6,000K E;
2 s \rl EN —-=-T{ = 10,000 K ——Master Equation
05h it ¥, o A AN T, = 20,000 K - = Kaur
i R —-—-kd,th
LELS D | T, = 6,000K 1T = 10,000K
' 10 ! ! ! * 10 ' : ! !
10® 10 10" 102 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
[s] bu = N /M eq [—] P = NH /N eq [~]
4 1Kim, J. G., and Boyd, I. D., Physics of Fluids, 2012. Calte‘ : h




QSS Rate Constants H, Dissociation

Quasi-Steady-State (QSS)?! -
n
— Consumption = production for H,(/, v) states |:> kg =kgnr + n—HKgql(kd,th —kgnr)

H,

— Solution with two limits

* No recombination (“nr”) ng . _q
. : . I 0<—K,;, <1
— Steady solution of master equations with no recombination ng, °4
* Thermal equilibrium (“th”)

— kgnr and kg are only functions of T

4 1Kim, J. G., and Boyd, I. D., Physics of Fluids, 2012.
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QSS Rate Constants

H, Dissociation

—— Master Equation
- kd,nr
—-=-Kd th

Tt = .6’OOOI.< — Predicted kg Tt — .10’00(.)K

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4

0.6 0.8 1

1 = 1y /NHeq [~ S = ny /N eq [—]

2

— Mo -1
kd - kd,nr + —Keq (kd,th - kd,nr)
TlHZ

n2
0<HK <1
nHz

4 1Kim, J. G., and Boyd, I. D., Physics of Fluids, 2012.
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Equivalent Source Term Formulations  H, Dissociation

First Formulation

ony ng
ot = 2nMnHZ [kd,nr + —Keql(kd,th - kd,nr) - 2nMnIz{kr kr =
Ny,

— kg4 and k, are physical dissociation and recombination terms
— k4 only satisfies detailed balance at equilibrium
— Implies fits of both kg ,,,- and kg ¢, are required
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Equivalent Source Term Formulations  H, Dissociation

First Formulation

ony ng
? = 2nMnHZ [kd,nr + —Keql(kd,th - kd,nr) - 2nMnIz{kr ky =
Tle

— kg4 and k, are physical dissociation and recombination terms
— k4 only satisfies detailed balance at equilibrium
— Implies fits of both kg ,,,- and kg ¢, are required

Second Formulation

anH 2 kd,nr

— = 2nyny.k — 2nyn
ot M"H,Vd nr M''*H Keq

— Analytically equivalent expression for source term
— Both consumption and production terms come from physical k
— kgnr(Tp) is sufficient for capturing non-thermal/ non-Boltzmann QSS behavior
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Review: M = H, H, Dissociation

Eanr/ Keq[cm® /mol? /5]
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Review: M = H, H, Dissociation
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Review: M = H, H, Dissociation
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Review: M = H, H, Dissociation
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Review: M = H, H, Dissociation
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Review: M = H, H, Dissociation

10—1 | | | | | | | | | | | | | | | | |

6 1Leibowitz, L. P., Physics of Fluids, 1973.
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Review: M = H and {He, Ne, Ar, Xe, and Kr}

H, Dissociation
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1Leibowitz, L. P., Physics of Fluids, 1973.
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Review: M = H and {He, Ne, Ar, Xe, and Kr} H, Dissociation
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Review: Electron Impact H lonization

IMansbach, P., and Keck, J., Physical Review, 1969.

— Rates available from both semi-empirical and ab-initio calculations %Park, C., Quantitative Spectroscopy and Radiative Transfer, 1971.
Lo . L 3Johnson, L. C., The Astrophysical Journal, 1972.
* Ab-initio are more accurate but are only available for limited n “Vriens, L., and Smeets, A. H. M., Physical Review A, 1980.
L. . . . 5Scholz, T.T., et al., Royal Astronomical Society, 1990.
— Ab-initio rates are in good agreement with ®20% uncertainty SAggarwal, K. M., etal., Journal of Physics B, 1991.
"Callaway, J., Atomic Data and Nuclear Data Tables, 1994.
— Present work: Przybilla and Butler® supplemented by Johnson3 *Anderson, H,, et al., Journal of Physics B, 2000.

°Przybilla, N., and Butler, K., The Astrophysical Journal, 2004,

[ —— Mansbach and Keck 1969
——Park 1971

—£—Johnson 1972

|| —7 Vriens and Smeets 1980
| —+ Scholz et al. 1990

—0- Aggarwal et al. 1991

< |4 Callaway 1994

== Anderson et al. 2002

—O- Przybilla and Butler 2004

Ab-initio Semi-empirical

0.05 0.1 0.15 0.2
1000/T,- [K]
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Review: Electron Impact H lonization
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Review: Electron Impact H lonization

H o 10 eibowitz, L. P., and Kuo, T. J., AIAA Journal, 1976.
— QSS theory applied to compute k; - from state-specific rates ol AT ot ol AN Aviction. 2023,

* Rate constant is approximately 4 X greater than Leibowitz and Kuo1©

* Modification of 5X suggested in previous study!!

ki nr, Present Work

— ki tn, Present Work

—— Leibowitz and Kuo, 1976

- - Leibowitz and Kuo, 1976, x4

0.05 0.1 0.15 0.2
1000,/ T3 [K]




Review: Electron Impact H lonization

10 eibowitz, L. P., and Kuo, T. J., AIAA Journal, 1976.

— QSS theory applied to compute k; - from state-specific rates ol AT ot ol AN Aviction. 2023,

* Rate constant is approximately 4 X greater than Leibowitz and Kuo1©
* Modification of 5X suggested in previous study!!

3 T
kinr, Present Work
—— Leibowitz and Kuo, 1976
2.5 |- - Leibowitz and Kuo, 1976, x4 B
’
0 .
= 21 ’
= .’
.E e
2151 L
&L _ -7
'Er S~ ___ =" -
% 1
2
05
0 1 1
0.05 0.1 0.15 0.2
1000/T.- [K]
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Review: Heavy Particle Impact H lonization

1Drawin, H. W., Zeitschrift fiir Physik A Hadrons and Nuclei, 1969.
2Park, C., Journal of Thermophysics and Heat Transfer, 2012.
3Mihajlov, A. A., et al., Journal of Physics B, 2004.

4Dimitrijevi¢, M. S., et al., New Astronomy, 2021.

SMihajlov, A. A., et al., Astrophysical Journal, 2011.

5Sreckovié, et al., Royal Astronomical Society, 2018.

— Limited kinetic data available
* Drawin?, Park?, and Mihajlov et al.3®
— \Very little agreement in rate constants
— Present work: Mihajlov et al. with n = 1 rates decreased by 10 X

—%—Drawin 1969
—+—Park 2012
Mihajlov et al. 2004
(Extrapolated for n < 4)
—3- Mihajlov et al. = 10

k(1 — 2)[cm?/mol /]

0.05 0.1 0.15 0.2
1000/7; [K]
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Review: Heavy Particle Impact H lonization

7Leibowitz, L. P., and Kuo, T. J., AIAA Journal, 1976.

— QSS theory applied to compute k; ;-

e Rate constants are similar to that of Leibowitz and Kuo’

—— ki nr, Present Work
—— ki tn, Present Work
—— Leibowitz and Kuo, 1976

0.05 0.1 0.15 0.2

1000/7;[K]
Caltech




Review: Heavy Particle Impact H lonization

7Leibowitz, L. P., and Kuo, T. J., AIAA Journal, 1976.

— QSS theory applied to compute k; ;-

e Rate constants are similar to that of Leibowitz and Kuo’

2 T
—— ki nr, Present Work
—— Leibowitz and Kuo, 1976
1.8F 1
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= 1.6
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214F
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£ 12}
&
1 \/
0.8 : 5
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1000/7; [K]
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Methodology H./He Radiation

Kinetic Model
— Two versions
* H(n) StS, 24 species: H,, H(n=1-20), H*, He, e-
* H(n)QSS, 1-T, 5 species: H,, H, H*, He, e-
— T,- assumed equal to T

Caltech
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Methodology H./He Radiation

Test/Shot H,/He[% mol] T,[K] Py[torr] U, [km/s] L, [cm]

56/22 89/11 300 0.51 27.66 19.8
56/23 89/11 300 0.51 27.63 19.8
56/25 89/11 300 0.20 27.80 7.76

Shock Calculations
— 1-D steady Euler equations
— Shot conditions from experiments of Cruden and Bogdanoff!

— T.o.F. transformation of Mirels?/ Clarke et al.3 applied
* Equivalent to +50% modification of e~ impact rates at 0.5 torr

1Cruden, B. A., and Bogdanoff, D. W., Journal of Spacecraft and Rockets, 2017.
10 2Mirels, H., Physics of Fluids, 1963.
3Clarke, J., etal., AIAA Journal, 2023.
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Methodology H./He Radiation

Range Species Feature Transition Wavelength
[nm] [nm]
VUV 117-173 H Lyman a n=2-1 121.57
H, lLymanband  BX - X% 100-160
Blue 323-497 H Balmer 8 n=4-2 486.14
Balmery n=5-2 434.05
Balmer & n=6-2 410.17
Balmer € n=7-2 397.00
Balmer { n=8-2 388.91
Radiation Calculations Balmer cont.  n=c0—2 <364.6
— Radiance computed using NEQAIR v15.34 Red  653-659 H Balmer a n=3-2 656.28

* StS or QSS distribution for H(n)
e Boltzmann for H,

1Cruden, B. A., and Bogdanoff, D. W., Journal of Spacecraft and Rockets, 2017.
10 2Mirels, H., Physics of Fluids, 1963.

3Clarke, J., etal., AIAA Journal, 2023.

4Cruden, B. A., and Brandis, A. M., RHTG, 2014.
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Comparison to EAST
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Electron Impact lonization of C  H.,/He/CH, Radiation

H,/He Mixture

: :r H, + M < 2H + M ;
| o :
3 : H+Me H +e + M :
i O :
! : H+e™ & HY + 2e” :

l A |

————————————————————

B Caltech
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Electron Impact lonization of C  H.,/He/CH, Radiation

H,/He Mixture Trace CH,

____________________ F T T T T T T T T T T T T T T T T
g | ! H, +M < 2H+ M 1 CHy+Me CHy; +H+M !
s| Nyl 1! CHy+Mo CHyp +Hp +M b CHy > C+4H |
5 ! b CH, + H< CH,_; + H, :
% | H+Mo Ht+e + M :, I
< | | |
7 |
| o B o .
O | |
o Hte o Ht+2e & | CH+e o CH+2e :

| ) 4 | A |

____________________ s |
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Electron Impact lonization of C

— Large uncertainty and sensitivity for e impact ionization of C

Rates from

e Coelho et al.l
* Park?

* QSS applied to state-specific rates of Huo et al.3/ Lotz*

H./He/CH, Radiation

K;[cm? /mol /s

....................... ki,nn Huo et al/ Lotz
1015 Frea - = Coelho et al.
.................... ----Park
S o wi '\~\~§:::- ...........
1010+ T~ Tl
10°F S .
0.05 0.1 0.15 0.2
1000/7.- [K]

12

1Coelho, J., and da Silva, M. L., Advances in Space Research, 2023.

2Park, C., Journal of Spacecraft and Rockets, 2011.
3Huo, W. M., et al., AIAA Scitech, 2015.
4Lotz, C., Zeitschrift fiir Physik, 1968.




Electron Impact lonization of C H./He/CH, Radiation

— 14 species: H,, H, H*, He, e", CH,, CH;, CH,, CH, CH*, C,, C,*, C, C*
* H(n) QSS, 1-T, 5 species model with CH, rates from Coelho et al.?

e Celectron impact rate varied between Coelho et al.1, Park?, and Huo et al.3/ Lotz*
e QSSforHandC

— Calculation performed for shot from experiments by Cruden and Tibere-Inglesse

Test/Shot H,/He/CH,[% mol] T, [K] P, [torr] Uy [km/s] L, [cm]

67/20 88.6/11.0/0.4 300 0.50 26.30 19.8

1Coelho, J., and da Silva, M. L., Advances in Space Research, 2023. 4Lotz, C., Zeitschrift fiir Physik, 1968.
13 2park, C., Journal of Spacecraft and Rockets, 2011. 5Cruden, B. A., and Tibere-Inglesse, A., AIAA Scitech, 2024.
3Huo, W. M., et al., AIAA Scitech, 2015
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Electron Impact lonization of C

H./He/CH, Radiation

5 - - 0.5 - - 1 - :
VUV —_EAST, Shot 20 —__EAST, Shot 20 Blue —__EAST, Shot 20 Red
— — Coelho et al. — — Coelho et al. — — Coelho et al.
— 4} -.—-Park ] 0.4 - Park ] — 0.8 - Park
R T O | T Huo et al./ Lotz R e Huo et al./ Lotz S Huo et al./ Lotz
g 3 . g 0.3 g 0.6 .
~ ~ V- Y-
=3 =3 =3
q.) o q)
=2 ¥ =02 = 04r
8 & g
E E E
o _: ~ 0.1 o2t
i
/\iv"‘i
0 1 1 1 O 0
-2 0 2 4 6 -2 -2
X [cm]

1Coelho, J., and da Silva, M. L., Advances in Space Research, 2023.
13 2park, C., Journal of Spacecraft and Rockets, 2011.
3Huo, W. M., et al., AIAA Scitech, 2015

4Lotz, C., Zeitschrift fiir Physik, 1968.
5Cruden, B. A., and Tibere-Inglesse, A., AIAA Scitech, 2024.




Conclusions

QSS Analysis 10"
— ka/inr(Tt) sufficient for capturing non-equilibrium source terms
— Multi-variable/ temperature fits only necessary for pre-QSS %
E
2 —— Masier Equation

- kd,nr
""kd.th

Tt — 6,0 O 0 K —— Predicted ky |

0 0.2 0.4 0.6 0.8 1
on = nH/nH,eq [—]

14
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Conclusions

Review of Kinetic Rates
— H, Dissociation
* Uncertainty within a factor of 2-3
— H lonization
* Uncertainty for e-impact rates within 20%
* Large uncertainties for heavy particle impact

14
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Conclusions

—_
S

——EAST, Shot 22
— — EAST, Shot 23
+{—-—- 24 species e
........ 5 species \9“"“

e o]

(o)}
T

Radiation

— H,/He: EAST measurements reproduced well with QSS, 1-T, 5 species model

Radiance [W /cm? /sr]
~

[\
T

— H,/He/CH,: Large uncertainty and sensitivity to e-impact rates of C

— Future work: Literature review and sensitivity analysis for all CH, reactions

(=)

-2 0 2 4 6
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QSS Rate Constants H, Dissociation

QuaSi-Steady-State (QSS)1 Park, C. H., “Nonequilibrium Hypersonic Aerothermodynamics”, 1989.
— Consumption = production for H,(J, v) states

", (J) b = ;! y = "H,

nHZ(]Iv)leq nH;eq nHz,eq

bu,gv) =

—

[Zynaxsimar k(v - )0 + k(v = )| Sy — Zors ST k(v > ]V buyyran = kU, v - ¢} S
Vmax Jmax i M¢H2 - Cqbl%l +Dx
Z Z nHZ(],v),eq ¢H2(],v) = NH,eqX

— Solution -
- _1—>
« Homogeneous component: Pu hn=M""D T _ X g 2
& o P 2 bu, = PuynX + Gu,pPh ¢
— No recombination (“nr” _ |:> kg = kg, TH (kd in— kg nr)
> 5 4_5)11 nt $H =1
 Particular component: Gr,p = M~1C > 2P - 0<pZ/yr<1
- ) H —
— Recombination contribution .

kg nr and kg ¢, are only functions of T
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Comparison to EAST H./He Radiation

Total Integrated Radiance
— Contributions from all spectral ranges summed together

— Good agreement obtained with just 1-T, 5 species model

0.51 torr 0.20 torr
35 T T T 20 T T T
——EAST, Shot 22 e —EAST,.Shot 25
30+ — — EAST, Shot 23 - -—24 species
o —-—-24 species J o I s 9 species

Losk [ 5 species - i @ 15¢ #

a l “.g‘.'g D :“":-. E

g 14 ‘9“&“”’- % E: '/a"-':
~20 ] e 1 ~ i
=3 A Z 10} i
g 15 S : @ ;
= N g H
. s < i
< 10 77 . < i
& 4 < 5t i
o . 7 o ;
5 i . ;
'\..:m« j

0 I I 0! OO . VL e
-2 2 4 6 -2 0
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Review: Kinetic Rates

H./He/CH, Radiation

— Differences in literature in both included reactions and rate constants

— Large uncertainty and sensitivity for e impact ionization of C
» Rates from Coelho et al., Park?, and QSS applied to state-specific rates of Huo et al.3/Lotz?

Type Reaction Coelho!  Park? Type Reaction Coelho! Park?
Dissociation = CH,+M=CH;+H(n=1)+M v X e Impact C+e=CHe+e v Vol e, e ki,m,'Huo etal./ Lotz
CH3+M=CHz+H(n=1)+M v X CH* Reactions C+H(n)2CH*+e" J v 10" \~\\ ................. T poeoetal
CHy+MCH+Hy+M v X CHre=CH erre v X e [l T
CHAMSCHHH(n=1M X CH+e=CHH(n=1re < || 2l T,
CH,+*M=C+H,+M V4 X CH*+e'=C+H*+e’ J X é BN .~ T
CH+M=C+H(n=1)+M v X CH*+e=CH+H'+e+ e V4 X e .
CHMSCHCHM v X || c*Reactions CHCoCyre /X 10’ NG
Exchange CH,+H(n=1)=CH;+H, V4 v Cre=Cyif+e+e v X 0.05 0?1 o.|15 0.2
1000/T; [K]
CHz+H(n=1)=CH,+H, v v Charge C*+H,=CH*+H(n=1) X V4
CHy+H(n=1)2CH+H, v v Exchange CHH(n)2C+H? X v
CH+H(n=1)=C+H, v v
CH+C=Cy+H(n=1) v X

1Coelho, J., and da Silva, M. L., Advances in Space Research, 2023.

2Park, C., Journal of Spacecraft and Rockets, 2011.
3Huo, W. M., et al., AIAA Scitech, 2015.
4Lotz, C., Zeitschrift fiir Physik, 1968.
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