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Gas dynamic regimes

K, 0.01 1 10 [Tsien, 1946]
transition flow free molecular flow
» Local thermodynamic o _ _ .
equilibrium (LTE) « Collision frequency is not high - Collisions between
enough to maintain equilibrium. atmospheric molecules are

» Energy of molecules
are distributed
according to Maxwell

« Momentum exchange via negligible.

collisions between atmospheric

0
|
|
|
|
|
|
|
|
|
|
|
!
|
|
|
|

distribution molecules is still important.
, Boltzmann equation
/o
foo — \
/TN

0 .

n . number density, f: velocity distribution function, ¢ :
molecular velocity, ¢, : relative molecular speed, F : external
force per unit mass, subscript * : post-collision values, f and
fi - distribution functions of two different types of
molecules of class ¢ and ¢, respectively, o : collision cross-
section, ¢ : time, r : physical space, 2: solid angle

equations

|
|
|
Navier-Stokes |
|
|
« First order moment of f :
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 Photodissociation

* Photoionization

« Electron impact ionization
* Dissociative recombination
 Chemical reaction
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Knudsen number
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Difference between DSMC model and
test particle Monte Carlo model

e test particle Monte Carlo model
— only hot particles are followed

e background thermal population remains fixed

e hot particle transport do not change the thermal or vertical
structure of background gases

— sputtering [Leblanc and Johnson, 2002]
e DSMC (Direct Simulation Monte Carlo) model
— all particles in the upper T —
atmosphere are followed (sputtering)

@000
@000y

e heating of thermal population due
to bombardment of (solar wind)
hot particles is considered

Solar

" @0y

(~100 times higher)

SW bombardment and evolution
of the early martian atmosphere
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Accurate intermolecular
collision simulation
is a critical issue

OCP) + OCP)

03eV

e |n oxygen-oxygen collision,
the projectiles are strongly
forward scattered (quantal

SCATTERING ANGLE

calculatlon) [Kharchenko et Fig. Statistically averaged differential cross

al . 2000] . sectl(()Jons if elastic collisions of O(3P) + O(3P)
—'TYWYW'TYY“"I r*mm[ 'TYY"W[‘T_TYY"'T

3eV ]
Kharchenko et al. [2000]

0 50 100 150

-h
o

DIFFERENTIAL CROSS SECTIONS [10™"*em?]

e The calculated O escape rates : \ Low Solar Activity]
. . ) 60° SZA
using the forward scattering - < I -
g Vu
model of Kharchenko et al. < \ Fox and Hac [2009]
[2000] are an order of z \testparticle model)

200 — =
: Isotropig\ -

magnitude larger than that for

— — 0 Esc?p'g)
the isotropic scattering model -~ Torward _
L LAl 1 LAl LA L L Alll *4&11]1 LAl
[FOX and Hac’ 2009] 102,01 0%1 ui 110 1%0 10100 104

Rate (em3s-1)
Fig. Computed total O,* DR rates and
production rates of escaping O.



Types of intermolecular collisions for
upper atmosphere DSMC model

e Sun’s EUV heating
— 0O,* dissociative recombination

195 CHEMICAL REACTIONS -

175

|

PHOTODISSOCIATION

e neutral (hot O) — neutral

155

e collision energy : 0.03 ~ 4.0 eV = ..}

ELECTRON

IMPACT QUENCHING

LTITUDE (KM)

— collision with thermal ion

e jon — neutral
e 0.03~0.2eV

1"s

10

r
3

10* 10° 10®
HEATING RATE, (eV/cm®/s)

Fig. Heating rates due to the major sources
in the Venusian thermosphere [Fox, 1988]

10

400

e Solar wind bombardment

. o) 7 ” . JJJJ um (\, F",' M
{7 (o &
\ [
3001 pd \ \ /o ]

T A
| \
J

— neutral (H) — neutral

}: 200F Ly .
— 0.03 eV ~1keV z .,
SrRBE\
— dissociation, excitation, ionization.. HEN
. 100 \}*"(’ -—.{
e sputtering o a0 e e e o
heating rote (erg grom=1 s77)

— ion (O*) — neutral
— 0.03eV~1keV

Fig. e-i: heating by collisions between thermal
electrons, ions, and neutrals; Q. : heating from
chemical reactions [Tian et al., 2008]



Types of intermolecular collisions for
upper atmosphere DSMC model

e Sun’s EUV heating

— 0O,* dissociative recombination
e neutral (hot O) — neutral :>
e collision energy : 0.03 ~ 4.0 eV
— collision with thermal ion
e jon — neutral
e 0.03~0.2eV :>
Solar wind bombardment
— neutral (H) — neutral
— 0.03eV~1keV
— dissociation, excitation, ionization.. :>
sputtering
— ion (O*) — neutral
— 0.03eV~1keV

Lennard-Jones(6-12) potential
elastic collision

Induced polarization
elastic collision

Ziegler-Biersak-Littmark
potential inelastic collision



2e-21
1.5e-21

Lennard-Jones (6-12) potential

= 0-0
(< 5 ev) ';E; 1e-21
IS] 5e-22
Q.
2 6 3 0
(0} 0} Q -5e-22
o(r)=4e||—| —|— S
7 7 E -1e-21
£ -1.5e-21
= hi H -2e-21 1 ] | ] ] | |
€ = binding energy s 4 5 6 7 8 o
intermolecular separation [Angstrom]
e |Lennard-Jones parameter
Molecule o [A] e/k [K] | Temperature [K] Reference
CO 3.652 98.4 2200 ~ Boushehri et al., 1987
CoO, 3.769 245.3 1000 ~ Boushehri et al., 1987
H 2.708 37.0 100 ~ 5000 NASA technical report R-132, 1962
N, 3.681 91.42 50 ~ 100,000 Capitelli et al., 2000
O 2.80 117.0 50 ~ 100,000 Capitelli et al., 2000
e Lorentz-Berthelot mixing rule % polyatomic molecules
0, t0 are treated as rigid units
O, =————, £;=4&&;

ly 2



[Angstrom]

O-0 interaction according to LJ (6-12) potential

orbit (collision energy = 0.03 eV)
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- target partjcle X-
-10 -5 0 5 10 15
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161 differential cross section |
107°

differential cross sections [m2]

(collision energy = 0.03 eV) 1

1 0-20 | 1 1 1 1 1 1 |

0O 20 40 60 80 100 120 140 160
scattering angle [degree]

180

e cutoff point
F<10x10™” N
e deflection angle

eeos v b o)

e momentum transfer cross section

Oum

—

ol
—
@

momentum transfer cross section [m2]
S
©

=27 (1~ cos z)bdb

' L | ! LR | ' """"_‘
. momentum transfer cross section!

el L bl

0.01

10

0.1 1

energy [eV]



Ziegler-Biersak-Littmark potential (> 5 eV)

2
V=EB ga), o 08853, )(2,% + 2,

@(x) =0.18175exp(—3.1998 x) +0.50986 exp(—0.94229x)
+0.28022exp(—0.4029x) +0.028171exp(—0.20162x)

a, : Bohr radius, Z, : atomic number of the incident atom,
Zg : atomic number of the target atom
¢(x) : screening function
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©
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intermolecular separation [Angstrom]



[Angstrom]

differential cross sections [m2]

O-0 interaction according to ZBL potential

8 | | | | 1 | |
orbit (collision energy/-/SOO eV)
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Intramolecular potential of CO,

v :Vc0(’32)+vc0(’i3)+voo(rz3) b

e Morse potential
— CO molecule [Johnson and Liu, 1998]

Veo(r) = DCO{eXp[_zaCO (r - rco)] —2exp[—(xw(r - rco)]}

D.,=1117eV,r.,,=1.12 A, o, =231 Al

— O + O interaction in the CO, molecule [Johnson and Liu, 1998]

Voo (r) = Age exp[—ﬁ(r - rCOZ)]
Apo=572eV, B=07161 A", 1, =1.16 A



intermolecular potential [J]

Intramolecular potential of CO,

e potential curve

Dissociation occurs when the separation of the molecules is
greater than the cutoff distance in the potential V., (9A).

2e-18 T T T T 2e-18 T T
1.5e-18 - V 1 = 1.5e-18 V 7]
1e-18 | CO - g 1e-18 00
5e-19 - 1 8  5e19 .
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-5e-19 1 8 -5e-19 7
©
-1e-18 - 1 E -1e-18 - 7
@
-1.5e-18 - 1 € -15e-18 - .
-2e-18 . L L ' -De-18 ! | I !
0 2 4 6 8 10 0 2 4 6 8 10
intermolecular separation [Angstrom] intermolecular separation [Angstrom]



O-CO, interaction according to ZBL potential

e O+CO, > 0O+0 +CO (collision energy = 500 eV)




O-CO, interaction according to ZBL potential

e O+CO, > 0+0+0+C(collision energy = 500 eV)




Dissociation cross section

 hot O + CO,

1079 —r ————
[ full dissociation d
0+CO,>0+0+CO ------- ]
— ]
E
c
O
5 102 |
w
A
(@)
o
-21 Lol , i
10
10’ 102 103

collision energy [eV]
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Calculated density profiles Energy distribution at 300 km alt.

e 1D Mars exosphere-thermosphere DSMC model

— Escape rates of neutral atmosphere can be
evaluated (e.g., oxygen: 8-16x10%* #/sec)
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