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Abstra
t

Dire
t Simulation Monte Carlo (DSMC) is a parti
le method that is widely used to

study high Knudsen number �ows su
h as mi
ro-
hannel �ows and hypersoni
 �ow around

re-entry vehi
les at rare�ed ambient atmosphere. The present work fo
uses on investigat-

ing the �ow physi
s around the re-entry vehi
le. Simulating su
h �ows is 
hallenging as

the high enthalpy in the post sho
k region leads to various interesting phenomena su
h

as inelasti
 energy ex
hange, 
hemi
al and ionization rea
tions, thermal and 
hemi
al

surfa
e ablation and radiative heat transfer. Further, the �ow 
ontains high degree of

non-equilibrium. An e�
ient parallelized 3D DSMC Code is developed and various 
olli-

sion models have been implemented and tested. These in
lude the Larsen-Borgnakke (LB)

model for inelasti
 energy ex
hange, Total Collision Energy (TCE) model and Quantum

Kineti
 (QK) model for 
hemi
al and ionization rea
tions.

The existing 
hemi
al rea
tion models in available literature (TCE and QK) employed

in the DSMC method are phenomenologi
al in nature and their use in the study of non-

equilibrium �ows is questionable. As a part of this work, a new 
hemi
al rea
tion model

is formulated that has a stronger theoreti
al framework. Based on this framework, the re-

a
tive 
ross-se
tions employed for modelling 
hemi
al rea
tions are 
al
ulated using large

ensembles of atomisti
 simulations. These simulations are 
arried out using the Quasi-


lassi
al Traje
tory (QCT) method. The QCT method requires highly a

urate Potential

Energy Surfa
es (PESs) that need to be based on ab-initio methods. New PESs for O3,

O4, N3 and N4 systems based on highly a

urate Multi-Con�gurational Self-Consistent

Field (MCSCF) methods su
h as Complete A
tive Spa
e SCF (CASSCF) method and

Complete A
tive Spa
e Perturbation Theory (CASPT2) method are 
onstru
ted using

MolCAS 
omputational 
hemistry software. The rea
tion 
ross-se
tion database for all

important rea
tions pertaining to air 
hemistry are generated and published in the lit-

erature. It is found that the DSMC simulations with the new ab-initio based 
hemi
al

rea
tion model predi
ts higher heat �ux and heat load on the re-entry vehi
le surfa
e


ompared to the simulations employing the TCE and QK phenomenologi
al model. This

is a signi�
ant inferen
e for engineers designing the Thermal Prote
tion Systems (TPS).

The limitations of the present model and future s
ope have also been dis
ussed in detail.
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Chapter 1

Introdu
tion

1.1 Re-entry Vehi
les

A re-entry vehi
le, as the name suggests, is a 
riti
al 
omponent of an aerospa
e mission

that enters the atmosphere of a planet or satellite before its tou
hdown. Spa
e Shuttles

and the Crew Return Vehi
les (CRV) ferrying astronauts from the International Spa
e

Station to Earth are examples of re-entry vehi
les. Primarily, the re-entry vehi
les are

designed keeping the Earth's atmosphere in 
ontext. However, with the passage of time,

more ambitious missions for various astronomi
al obje
ts will require re-entry vehi
les to


onfront di�erent atmospheres.

In the 
ase of re-entry to Earth's atmosphere, vehi
les fa
e extreme 
onditions[1℄ during

the hypersoni
 des
ent through various atmospheri
 layers. Additionally, the 
onditions

rapidly 
hange from mole
ular �ow in the exosphere to rare�ed low density 
onditions in

the upper mesosphere to 
ontinuum 
onditions till the vehi
le tou
hes the ground. The

hypersoni
 �ow passes through the 
hara
teristi
 bow sho
k in the upstream of the blunt

shaped re-entry vehi
le. In the post-sho
k region, a sudden 
hange in kineti
 energy leads

to high temperatures and density in the vi
inity of the surfa
e. A Thermal Prote
tion

Surfa
e (TPS) is installed on the re-entry vehi
le to ensure that the high energy in the

�ow does not in
inerate the vehi
le along with its passengers. It is 
lear that designing

the TPS is paramount to the safety of the passengers as well as the mission.

Designing the TPS requires information of the heat �ux and the heat load that a

re-entry vehi
le will fa
e during its a
tual �ight. A series of in-�ight and on-ground

experiments have been 
ondu
ted to obtain important data as well as to test the TPS

designs. For example, the Indian Spa
e Resear
h Organization's (ISRO) Crew Module

Atmospheri
 Re-entry Experiment (CARE) mission was an in-�ight experimental mission

laun
hed in De
ember 2014. The obje
tive of the mission was to validate the perfor-
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man
e of the para
hute based de
eleration system and to understand blunt body re-entry

aerothermodynami
s. It is obvious that the in-�ight and on-ground experiments demand

a high value of resour
es and are expensive. Computational simulations are an e
onom-

i
al alternative and 
an provide useful information by appropriately modelling the �ow

around the re-entry vehi
les.

Computational Fluid Dynami
s algorithms have been extensively and e�e
tively used

to simulate re-entry �ows sin
e the earliest spa
e missions. Various 
omplex sho
k stru
-

tures as well as sho
k-boundary layer and sho
k-turbulen
e intera
tions have been of

interest in re
ent times. However, the CFD method 
an only be appli
able for situations

where the �ow ful�lls the 
ontinuum assumption, wherein the density is high enough

so that the gradients used in the Navier-Stokes equations are well-de�ned. At altitudes

higher than 65 km, the atmosphere is rare�ed and the 
ontinuum assumption is not

satis�ed. As a result, simulating rare�ed gas dynami
s is 
ompli
ated sin
e the sho
k

stru
tures in su
h 
onditions introdu
e a high degree of non-equilibrium in the �ow. This

further redu
es the utility of CFD simulations that assume equilibrium 
onditions as a

pre-requisite for modelling the �ow physi
s. An alternative Lagrangian method, the Di-

re
t Simulation Monte Carlo (DSMC) method [2, 3℄, is a mu
h better suited method

for studying hypersoni
 aerothermodynami
s at rare�ed and non-equilibrium 
onditions.

The DSMC method is a parti
le method that was developed by Prof G. A. Bird in the

early seventies[4, 5, 6℄. However, the method is 
omputer intensive and hen
e was not

used substantially in the seventies and eighties. With the advent of improved 
omputer

ar
hite
ture and high performan
e 
omputing algorithms in the nineties[7, 8, 9℄, DSMC

started being used widely and is presently the preferred 
hoi
e for studying rare�ed �ows.

In addition to the high energy �ows des
ribed here, the DSMC method �nds appli
ation

in study of mi
ro-
hannel �ow physi
s[10℄ and will play an important role in development

of mi
ro-�uid ma
hines. The present work studies the hypersoni
 �ow around a re-entry

vehi
le at rare�ed ambient 
onditions using this DSMC method.

In DSMC, ea
h representative �parti
le� is equivalent to a large number of real mole
ules

or atoms. The general �ow
hart of the DSMC method is shown in Figure 1.1. The domain

is dis
retized into 
ells having dimensions less than the lo
al mean free path and the time

step 
hosen is a fra
tion of the mean 
ollision time. Under these assumptions, the move-

ment of the parti
les is fashioned in a re
tilinear traje
tory and the intra-
ellular 
ollisions

are handled in a probabilisti
 manner. This pro
ess is repeated iteratively to gather a

large sample of mi
ros
opi
 information of the parti
les. The ma
ros
opi
 variables su
h

as di�erent modes of temperature, pressure, density, Ma
h number are 
al
ulated using

kineti
 theory relations. Inelasti
 energy ex
hange and 
hemi
al rea
tions are generally

handled using various phenomenologi
al models. In the 
ase of re-entry to Earth's atmo-
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Figure 1.1: Flow
hart of DSMC method.

sphere, the 
hemi
al rea
tions play a major role and have a dire
t 
onsequen
e on heat

�ux and heat load 
al
ulations. Thus it is essential that any 
hemi
al rea
tion model

employed in the DSMC 
ode should be a

urate and reliable.

1.2 Motivation and S
ope of the Present Work

Oxygen mole
ules start to disso
iate at temperatures higher than 2000 K and are 
om-

pletely disso
iated at temperatures above 4000 K, whereas Nitrogen mole
ules disso
iate

at temperatures above 4000 K and are 
ompletely disso
iated at temperatures above 9000

K. The energy in the post sho
k region is greater than the bond disso
iation energy of

these mole
ules. In addition to disso
iation, re
ombination and ex
hange rea
tions, also

known as the Zeldovi
h rea
tions, are an important part of the air 
hemistry. With fur-

ther in
rease in the energy, the ionization rea
tions also 
ome in to pi
ture and add to

the 
omplexity of the problem.

From the 
ollision theory point of view, 
hemi
al rea
tions are possible only when the
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rea
tants 
ollide and ex
hange enough energy to break existing bonds and form new ones.

Generally, 
olliding mole
ules involving an energy intera
tion ex
eeding a 
ertain energy

barrier, known as the a
tivation energy, are 
apable of rea
ting with ea
h other. Further,

only a fra
tion of su
h 
olliding mole
ules have an appropriate orientation during the


ollision that 
an result into a 
hemi
al rea
tion. This fra
tion is 
alled the steri
 fa
tor.

The rea
tion rate given by the 
ollision theory takes the following form

k =













Steri


Fa
tor













×





















Fra
tion of mole
ules

having energy greater

than a
tivation energy





















×












Collision

Frequen
y













The 
on
ept of steri
 fa
tor is 
losely related to the de�nition of rea
tive 
ross-se
tion.

The rea
tive 
ross-se
tion represents the probability for o

urren
e of a rea
tion in 
on-

trast to the total 
ollision 
ross-se
tion whi
h represents the probability for o

urren
e

of a 
ollision. The 
ross-se
tions are expressed in units of area. The ratio of rea
tive


ross-se
tion to the total 
ollision 
ross-se
tion is the steri
 fa
tor.

Collision dynami
s at mole
ular level 
an be simulated using the Mole
ular Dynami
s

method. The parti
ipating rea
tants are made to 
ollide with ea
h other to test if the

rea
tion o

urs or not. As the probability for a rea
tion to o

ur is a fun
tion of the orien-

tation of the 
ollision and sin
e every orientation 
annot be tested, a statisti
al approa
h

be
omes ne
essary. One of the methods that uses this 
on
ept is the Quasi-Classi
al Tra-

je
tory (QCT) method. In the QCT method, rea
tants are initialized at randomly 
hosen

orientations and their traje
tories are simulated; a large ensemble of su
h traje
tories are

analyzed to obtain su�
ient statisti
al information on the rea
tion. The fra
tion of su
h

simulations or traje
tories resulting in a su

essful rea
tion to the total traje
tories is

the rea
tion probability whi
h is similar to the steri
 fa
tor. The rea
tive 
ross-se
tion

is 
al
ulated using the rea
tion probability data and it depends not only on the relative

translation energy between the 
olliding parti
les, but also on the ro-vibrational levels of

the parti
les. The ro-vibrational levels 
hara
terize the amount of internal energy stored

in a parti
le. For an atom-diatom 
ollision, the rea
tive 
ross-se
tion is a fun
tion of the

rotational and vibrational level of the mole
ule. In 
ontrast, for a diatom-diatom 
ollision,

the rea
tive 
ross-se
tion is a fun
tion of the 
ombination of rotational and vibrational

levels of both the mole
ules.

The key ingredient in the QCT method is the energy of intera
tion between the various

atoms of the system. The method uses the gradient of this potential energy to 
al
ulate
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the for
es on ea
h 
omponent that 
an be used to 
al
ulate the a

eleration of the 
om-

ponent, whi
h in turn 
an be used to tra
k the movement of the 
omponent using any

integration s
heme. The 
al
ulation of this potential energy is then a 
riti
al pro
ess

sin
e the su

ess of the s
heme depends on the a

ura
y of the potential energy. For

a

urate 
al
ulations, a global Potential Energy Surfa
e (PES) is 
onstru
ted for di�er-

ent 
ombinations of interatomi
 distan
es between the intera
ting parti
les forming the

rea
tion system by solving the S
hrödinger equation. The gradient of the potential en-

ergy in the QCT method is 
al
ulated using an analyti
ally �tted form of the 
onstru
ted

global potential energy surfa
e. A large repository of methods is available for solving

the S
hrödinger equation numeri
ally and these 
onstitute the subje
t of Computational

Chemistry. Several pa
kages su
h as MolCAS, MolPRO, Gaussian, Gamess o�er a wide

range of state of the art 
omputational 
hemistry algorithms. The use of su
h ab-initio

methods to 
al
ulate the PES leads to highly a

urate potential energy and for
e 
al
u-

lations. Using these PESs along with the QCT method should result in a

urate rea
tive


ross se
tions that depend only on the translational, rotational and vibrational energies

of the 
olliding spe
ies, without the ne
essity of an equilibrium temperature.

In 
ontrast to the des
ription above, the 
hemi
al models presently employed in DSMC

are inherently phenomenologi
al in nature. In one of the mostly widely employed 
hemi
al

rea
tion model, the Total Collision Energy (TCE) model, the di�erent modes of energies

(translational, rotational and vibrational) of the rea
tants are added to obtain the total


ollision energy. An analyti
al relation of the rea
tive 
ross-se
tion as a fun
tion of the

total 
ollision energy is assumed. The �tting parameters for the analyti
al relation are 
al-


ulated using available equilibrium rea
tion rate data by ba
k substitution. The limitation

of the TCE model is that it takes no a

ount of the varying in�uen
e of di�erent modes

of energy on the rea
tive 
ross-se
tion. In addition to this, the dependen
e on the equi-

librium based Arrhenius theory in 
al
ulating the appropriate parameters may not model

a 
hemi
al rea
tion properly in non-equilibrium �ows. Other 
hemi
al rea
tion models

also have been used in DSMC, su
h as the Vibrationally Favourable Disso
iation (VFD)

model and Quantum Kineti
 (QK) model. However, these too are phenomenologi
al in

some manner or other and hen
e su�er from the same short
omings as the TCE model.

Instead of using these phenomenologi
al rea
tion models, the rea
tive 
ross-se
tions 
al-


ulated using the QCT method 
an be dire
tly utilized in DSMC, and this in turn should

signi�
antly improve our understanding of the rea
tions in rare�ed �ows espe
ially those


ontaining high degree of non-equilibrium. At equilibrium 
onditions, the rea
tion rate


oe�
ients 
al
ulated using these rea
tive 
ross-se
tion databases should mat
h with the

available experimental data. The overall di�eren
e between the phenomenologi
al models

and this alternative 
hemi
al rea
tion model is summarized in Figure 1.2. It is desirable

that su
h a 
hemi
al rea
tion model is based on ab-initio theory and has a stronger the-
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Figure 1.2: Flow
hart of alternative 
hemi
al rea
tion model.

oreti
al framework. The aim of the present thesis is to develop, present and test this

alternative 
hemi
al rea
tion model.

Based on the above dis
ussion, the obje
tives of the present work 
an be stated as

follows:

• To develop an e�
ient three-dimensional parallelized DSMC 
ode for simulating

non-equilibrium 
onditions in a re-entry �ow that employs an ab-initio based 
hem-

i
al rea
tion model in order to investigate the �ow properties in the domain as well

as the surfa
e properties on a vehi
le re-entering at hypersoni
 speeds.

• To generate a rea
tive 
ross-se
tion database of all major rea
tions of air 
hemistry

for use in the model des
ribed in the obje
tive above by employing the QCT method

on highly a

urate PESs. The obje
tive will entail writing a QCT 
ode and gener-

ating the 
ross-se
tion database for all possible 
ombinations of energy distributions

in the rea
ting spe
ies.

• To 
onstru
t PESs using highly a

urate ab-initio methods for rea
tion systems that

are 
urrently unavailable as well as to 
ollate all available a

urate PESs so that

they 
an be employed in the QCT method stated in the obje
tive above.
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1.3 Outline of the Thesis

A literature survey of the DSMC method and the presently used phenomenologi
al models

for simulating inelasti
 
ollisions and 
hemi
al rea
tions is presented in Chapter 2. The

limitations of the existing 
hemi
al rea
tion models are also presented in detail in this


hapter, apart from providing a better des
ription of the alternative 
hemi
al rea
tion

model that is being proposed. A literature survey on the presently available Potential

Energy Surfa
es required for developing the new ab-initio 
hemi
al rea
tion model is also

dis
ussed.

Chapter 3 presents details of all the 
odes used for the present work. This in
ludes

a presentation of the DSMC 
ode and the QCT 
ode that have been written as a part

of this work. The 
hapter then presents the MolCAS 
omputational 
hemistry software

that was used to generate the PESs.

The methodology of the 
onstru
tion of various PESs and the investigation of 
riti
al

features on the topography of the PESs are explained in Chapter 4.

The generation of the new 
ross-se
tion database using the QCT method by employing

the new PESs as well as the existing PESs is des
ribed in Chapter 5. The analysis and

validation of the database thus generated is also presented. The validation is 
arried out

by 
al
ulating the rea
tion rate 
oe�
ients at equilibrium 
onditions and 
omparing with

the existing ones in the literature.

In Chapter 6, a 
omparative study of previously reported 
hemi
al rea
tion models

and the new ab-initio 
hemi
al rea
tion model is undertaken for equilibrium and non-

equilibrium �ows. Hypersoni
 air �ow around the re-entry vehi
le at ambient rare�ed


onditions using the di�erent 
hemi
al models is studied in detail. The e�e
t of the ab-

initio 
hemi
al rea
tion model on the �ow properties in the post sho
k region and heat

�ux on the vehi
le surfa
e is investigated.

The important 
on
lusions from the present work are detailed in Chapter 7. The

present work has thrown up a lot of questions that need to be addressed. Possible future

work arising from these questions is also dis
ussed in this 
hapter.
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Chapter 2

Literature Survey

Fluid �ow is simulated broadly through two approa
hes: atomisti
 and 
ontinuum mod-

elling. Atomisti
 modelling studies the physi
s at a mole
ular level using simulation

te
hniques su
h as Mole
ular Dynami
s and Quantum me
hani
al 
al
ulations. On the

opposite side of the s
ale, the �uid whi
h inherently 
onsists of atoms and mole
ules is

treated as 
ontinuous and the �ow is modelled by the Navier-Stokes equations. Numer-

ous examples in �uid dynami
s exist where the 
ontinuum assumption is not stri
tly valid

and 
on
urrently the number of atoms or mole
ules is substantial rendering Mole
ular

Dynami
s 
omputationally impra
ti
able. If the simulation approa
hes are to be demon-

strated on a s
ale, then su
h 
omplex situations known as transition �ows would lie in the

middle. Su
h a s
ale is quanti�ed using a dimensionless parameter known as the Knudsen

number. Knudsen number is the ratio of mean free path (λ) to the 
hara
teristi
 length

(L).

Kn =
λ

L
(2.1)

The �ow regimes are not 
learly demar
ated on the Knudsen number line. However,

it has been observed that the 
ontinuum assumption breaks down around Kn ∼ 0.1.

At standard 
onditions (p =1 atm, T =273.15 K), the number density is equal to the

Los
hmidt number (2.68678×1025m−3
). The mean free path is equal to 4.8×10−8

m. For

a box with length equal to 1 m, the Knudsen number is approximately of the order of

10

−8
. The �ow at these 
onditions belongs to 
ontinuum regime and 
an be studied using

the 
ontinuum based CFD te
hniques. Flows having Knudsen number greater than 0.1

belong to transition �ow regime and those �ows with Kn greater than 10 are known as

free mole
ular �ows. The �ow around a re-entry vehi
le at altitudes above ∼70 km is an

example of transition �ow. The low ambient density (∼1020m−3
) leads to higher mean

free path (>0.01 m) and 
onsequently high Knudsen number. In the 
ase of �ow through

mi
ro-
hannels, low 
hara
teristi
 lengths lead to rarefa
tion. In the present work, the

9
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former situation is of interest and is studied using the Dire
t Simulation Monte Carlo

(DSMC) method.

A DSMC framework 
apable of modelling 
omplex physi
al phenomena su
h as sho
k

formation, elasti
 and inelasti
 
ollisions, 
hemi
al rea
tions and gas-surfa
e intera
tions

is developed as a part of the present thesis work. Several phenomenologi
al models su
h as

No-Time Counter model, Variable Hard Sphere and Variable Soft Sphere models for sim-

ulating 
ollisions, Larsen-Borgnakke model for inelasti
 energy ex
hange, Total Collision

Energy 
hemi
al rea
tion model, Quantum Kineti
 
hemi
al rea
tion model, Spe
ular,

Di�use and Cer
ignani-Lords-Lampis gas-surfa
e intera
tion models have been imple-

mented. An analysis of the existing 
hemi
al rea
tion modelling raises skepti
ism about

using phenomenologi
al models for simulation of 
riti
al appli
ations. An alternative


hemi
al model is developed with the view to improve the present DSMC models. A

short literature review on the existing phenomenologi
al models, followed by review of

available resour
es in the development of the ab-initio based 
hemi
al rea
tion model is


overed here.

2.1 Collision Models in DSMC

The 
ollision step is the most important step in the DSMC algorithm. The intra-
ellular


ollisions are simulated using a probabilisti
 approa
h. The 
ollision model aims to ensure

an a

urate lo
al 
ollision frequen
y (ν). Several phenomenologi
al models have been

developed to model 
ollisions. Bird [7℄ �rst proposed the Time Counter (TC) model. Two

parti
les are randomly sampled from the list of parti
les in a 
ell. The probability of

the 
ollision is ((σT cr)/(σT cr)max) where σT is the total 
ollision 
ross-se
tion, cr is the

relative velo
ity between the pair of 
olliding parti
les and (σT cr)max is the maximum

value of the produ
t of 
ross-se
tion and relative velo
ity re
orded over the progress of

the simulation . An a

eptan
e-reje
tion s
heme is used to de
ide if the pair of parti
les


hosen 
ollide or not that 
ompares the probability of the 
ollision to a random number

that is generated. For ea
h sele
tion of pair of parti
les, an in
rement in time (∆tc) is


omputed using the formula:

∆tc =
2∆V

N̄NFNUMσT cr
(2.2)

where ∆V is the volume of the 
ell, N is the number of parti
les in the 
ell at the given

time step and N̄ is the average number of parti
les in the 
ell. The sele
tion of the pair

of parti
les for possible 
ollision is 
arried on till the sum of the time in
rements (∆tc)

ex
eeds the simulation time step (∆t). This method does not reprodu
e the 
orre
t 
ol-

lision frequen
y under extreme non-equilibrium 
onditions.
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Subsequently, Bird [7℄ proposed the No Time Counter (NTC) method whi
h is an

e�
ient O(N) 
omplexity algorithm. The total number of possible 
ollision pairs are �rst


omputed using the formula:

NT =
1

2

N(N − 1)FNUM(σT cr)max∆t

∆V
(2.3)

The probability of 
ollision is the same as that in the TC model. Collisions performed

using the NTC model showed ex
eptionally a

urate mat
h with the theoreti
al 
ollision

frequen
y results even in 
ases with high degree of non-equilibrium.

In addition to these, other widely used 
ollision models in
lude the Collision Frequen
y

(CF) S
heme introdu
ed by Koura[11℄, Majorant Collision Frequen
y (MCF) model by

Ivanov[12, 13℄ and Null Collision (NC) s
heme[14℄.

The total 
ollision 
ross-se
tion (σT ) employed in the above method has dimensions

of area and 
an be related to the probability of a 
ollision event to o

ur. The formula to


al
ulate the total 
ollision 
ross-se
tion is:

σT = πd2 (2.4)

where d is the parti
le diameter. The simplest model to 
al
ulate the diameter is the

Hard Sphere model. The diameter is 
al
ulated using vis
osity 
oe�
ients with the help

of the following formula:

d2 =
(5/16)(mkTref/π)

1
2

µref
(2.5)

where k is the Boltzmann 
onstant, m is the mass of the gas parti
le, µref is the refer-

en
e vis
osity at the referen
e temperature, Tref . It was found that this model does not

reprodu
e the 
orre
t vis
osity-temperature variation.

The Variable Hard Sphere (VHS) model proposes that the e�e
tive diameter is a

fun
tion of the relative kineti
 energy between the 
olliding parti
les. A

ording to the

VHS model, the e�e
tive diameter is

dV HS = dref
cr,ref
cr

ξ

(2.6)

where dref is the e�e
tive diameter at a referen
e relative speed (cr,ref) and ξ is VHS

parameter adjusted to obtain the 
orre
t vis
osity-temperature relation.
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In addition to these 
ross-se
tion models, several others su
h as Variable Soft Sphere

(VSS)[15℄, Generalized Hard Sphere (GHS) [16℄, Generalized Soft Sphere (GSS)[17℄ mod-

els have been proposed to 
al
ulate the total 
ollision 
ross-se
tion. In the present work, all

DSMC simulations are 
arried out using the No Time Counter (NTC) model to 
al
ulate

the 
ollision rate and the Variable Hard Sphere (VHS) model to 
al
ulate the 
ross-se
tion.

A large amount of the kineti
 energy of the mole
ules in the pre-sho
k region of the

re-entry vehi
le problem is transformed into the thermal (translational, rotational and

vibrational) energy in the post-sho
k region. Thus, the mole
ules that are normally at

the ground vibrational energy move to higher levels. Similarly, rotational levels in
rease

apart from the mole
ules rea
hing higher speeds. Inelasti
 energy ex
hange leads to the

transformation of the translational energy into ro-vibrational energy and vi
e versa.

Larsen and Borgnakke (LB)[18℄ have proposed a phenomenologi
al model to simulate

su
h inelasti
 energy ex
hange. A

ording to this model, the inelasti
 energy ex
hange

is 
arried out for only a fra
tion of all 
ollisions. The inverse of this fra
tion, known

as the relaxation number (Z), is 
hosen in su
h a manner that the simulated relaxation

time mat
hes well with the theoreti
al and experimental data. The post 
ollision inelasti


energy is randomly sampled from a 
ontinuous Maxwellian distribution in the 
ase of

rotational energy. In 
ontrast, the vibrational energy is quantized into dis
rete levels. A

quantum LB model for vibrational energy is proposed that in
ludes this feature. Haas

et al.[19℄ proposed a serial implementation of the inelasti
 energy ex
hange model where

the rotational and vibrational energy ex
hange for any 
olliding pair is modelled to o

ur

serially, i.e., one after the other.

Constant rotational and vibrational relaxation numbers are generally employed for

DSMC simulations at 
onditions 
lose to standard 
onditions. However, at extreme 
on-

ditions, the rotational and vibrational relaxation numbers show a prominent dependen
e

on the temperature and pressure. Parker[20℄ employed the following equation to model

the temperature dependen
e of the rotational relaxation number

Zrot =
Z∞

rot

1 + π1/2/2(T∞/Ttr)1/2 + (π + π2/4)(T∞/Ttr)
(2.7)

where the values of the parameters Z∞
and T∞

are 
hosen su
h that the temperature de-

penden
e mat
hes with experimental �ndings. Lordi and Mates[21℄ advo
ated a di�erent

set of parameters for diatomi
 gas using the same equation.

Similar to rotational relaxation number, Bird[2℄ has formulated a relation that models
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Table 2.1: Arrhenius rea
tion rate parameters (k = AT−ηexp−Ea/kT )for the 5 spe
ies

11 rea
tion 
hemi
al model.

Rea
tion A η Ea(×10−19
J)

O2 + M→ 2O + M(=N,O) 5.593×10−12
1.0 8.197

O2 + M→ 2O + M(=N2,O2,NO) 5.593×10−12
1.0 8.197

N2 + M→ 2N + M(=O,O2,NO) 3.187×10−13
0.5 15.61

N2 + M→ 2N + M(=N2) 7.968×10−13
0.5 15.61

N2 + M→ 2N + M(=N) 6.90×10−8
1.5 15.61

NO2 + M→ N + O + M(=N,O) 6.590×10−10
1.5 10.43

NO2 + M→ N + O + M(=N2,O2,NO) 1.318×10−8
1.5 10.43

NO + O → N + O2 5.279×10−21
-1 2.719

N2 + O → NO + N 1.120×10−16
0 5.175

O2 + N → NO + O 1.598×10−18
-0.5 0.4968

NO + N → O + N2 2.490×10−17
0 0.0

the temperature dependen
e of the vibrational relaxation number :

Zvib = C1/T
ωexp(C2T

−1/3) (2.8)

where C1 and C2 are parameters and ω is the VHS 
oe�
ient.

2.2 Chemi
al rea
tion modelling in DSMC

In addition to elasti
 and inelasti
 
ollisions, 
hemi
al rea
tions play a major role in

determining a

urate �ow properties in the domain and surfa
e properties on the re-entry

vehi
le TPS. The list of rea
tions pertaining to the �ve spe
ies air 
hemistry model along

with the 
orresponding Arrhenius rate 
oe�
ient parameters as suggested by Park et al.[1℄

is tabulated in Table 2.1.

Similar to the inelasti
 energy ex
hange models, the 
ommon approa
h is to simulate


hemi
al rea
tions using phenomenologi
al models that 
al
ulate the rea
tive 
ross-se
tion

for a rea
tion. The rea
tive 
ross-se
tion is the measure of probability for a rea
tion to

o

ur. Bird [6℄ �rst proposed the Total Collision Energy (TCE) model. A

ording to

this model, the total 
ollision energy, (the sum of relative translational, rotational and

vibrational modes of energies) is employed to 
al
ulate the rea
tive 
ross-se
tion whi
h

assumes the following form:

σR = 0 Ec < Ea (2.9)
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σR = σTC1(Ec − Ea)
C2(1−Ea/Ec)

τ̄+3/2−ω Ec > Ea (2.10)

where C1 and C2 are 
onstants, τ is the average value of the number of degrees of freedom

of internal energy, ω is the VHS vis
osity parameter, Ec is the 
ollision energy, Ea is the

a
tivation energy, σT is the 
ollision 
ross-se
tion and σR is the rea
tive 
ross-se
tion.

Only a fra
tion of 
ollisions having energy greater than the a
tivation energy 
an result

in a rea
tion. The 
oe�
ient of rea
tion rate 
al
ulated by integrating the above assumed

form of the rea
tive 
ross-se
tion at equilibrium 
onditions should mat
h the Arrhenius

rea
tion rates found experimentally. The values of the 
onstants C1 and C2 are 
omputed

from ba
k substitution and have the following form:

C1 =
π1/2A

2σref

Γ(τ̄ + 5/2− ω)

Γ(τ̄ + η + 3/2)
(
mr

2kTref
)1/2

T 1−ω
ref

kη−1+ω
(2.11)

C2 = η − 1 + ω (2.12)

where σref and Tref are referen
e VHS parameters, while A and η are the pre-exponential

fa
tor and temperature 
oe�
ient respe
tively in the Arrhenius equation.

Boyd and Haas[22℄ proposed an extension to the TCE model, the Vibrationally-

Favoured-Disso
iation (VFD) model whi
h a

ounts for the in�uen
e of the vibrational

relaxation rate on the rate of disso
iation. The rea
tion 
ross-se
tion has an extra depen-

den
e on the vibrational energy of the parti
le. This is exe
uted by employing an extra

parameter φ. The σR takes the form:

σR = σR,TCE(
Ev

Ec
)φ (2.13)

where Ev is the vibrational energy of the disso
iating parti
le. A parametri
 study re
-

ommended that the value of φ should be 2.0 for N2 and 0.5 for O2. A higher value of the

parameter φ indi
ates higher 
oupling of the two pro
esses.

Bird[9℄ reported the Quantum-Kineti
 (QK) model that employs only the total energy

involved in the 
ollision. The quantum model for vibrational energy ex
hange using the

Larsen-Borgnakke model is extended to in
lude the disso
iation rea
tions. The 
ollision

energy in
ludes the relative translational energy and the vibrational energy of the parti
le.

If the post 
ollision vibrational energy level 
al
ulated using the LB model ex
eeds the

disso
iation limit, the parti
le is 
onsidered to pro
eed for disso
iation. The 
ondition for

disso
iation is given by:

imax > ΘD/ΘV (2.14)

where imax is the maximum vibrational level, ΘD is the 
hara
teristi
 temperature of dis-
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so
iation and Θv is the 
hara
teristi
 temperature of vibrational ex
itation.

2.3 An alternative Ab-initio Chemi
al rea
tion model

It is evident that the existing phenomenologi
al models have serious limitations and an

alternative 
hemi
al rea
tion model is needed that is free of ma
ros
opi
 parameters and

that gives justi
e to the varying in�uen
e of di�erent modes of energies on the rea
tive


ross-se
tions. The general algorithm of the Ab-initio based 
hemi
al model is shown in

Figure 2.1. The �rst step involves the 
onstru
tion of a global Potential Energy Sur-

fa
e (PES) using 
omputational 
hemistry methods. The surfa
e 
onstru
ted on dis
rete

points is �tted with a suitable analyti
al expression. A 
ross-se
tion database is then gen-

erated using a large number of traje
tories. Cross-se
tions are integrated at equilibrium


onditions to validate the rea
tion rate 
oe�
ients with available experimental data. An

appropriate fun
tion is used to �t the 
ross-se
tion and this is used in the DSMC ab-initio

model.

The Quasi Classi
al Traje
tory[23, 24℄ method tra
ks the time evolution of the par-

ti
ipating rea
tants by solving the Hamilton's equations. The Hamiltonian (H) of the

system is de�ned as the sum of its kineti
 energy and potential energy (V):

H =
∑

i

∑

j=x,y,z

1

2mi
p2i,j + V (2.15)

where the �rst letter of the subs
ripts {i, j} denotes the atom and se
ond denotes the


oordinate (j =x or y or z). The Hamilton's equations are given by:

ṗi,j =
dpi,j
dt

= − ∂H
∂qi,j

= − ∂V
∂qi,j

(2.16)

q̇i,j =
dqi,j
dt

=
∂H
∂pi,j

=
pi,j
mi

(2.17)

Here, V is 
al
ulated using 
omputational 
hemistry methods by solving S
hrödinger equa-

tion. Detailed quantum me
hani
al 
al
ulation at ea
h and every time-step by solving

the S
hrödinger equation using numeri
al methods is not pra
ti
al. Energies are 
al-


ulated for a few dis
rete points representing di�erent geometries of the system leading

to generation of a Potential Energy Surfa
e (PES). The progress of the rea
tion 
an be

visualized as a travel on this PES from regions 
hara
terizing rea
tants to those of prod-

u
ts. A PES is generally 
onstru
ted by solving the Hartree Fo
k (HF) transformation of

the S
hrödinger equation while invoking Born-Oppenheimer approximations. However,
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Figure 2.1: Flow
hart of Ab-initio 
hemi
al model for the DSMC method.

as 
hemi
al rea
tions involve bond breaking and bond formation pro
esses, higher end


omputational 
hemistry methods are ne
essary[25℄ for 
onstru
tion of a PES. It is sug-

gested that post Hartree Fo
k methods su
h as Con�guration Intera
tion (CI), Coupled

Cluster (CC) algorithms, Moller-Plesset perturbation theory (MPn) are not su�
ient.

Complex algorithms su
h as Multi-
on�gurational self-
onsistent �eld (MCSCF) whi
h

in
ludes Complete A
tive Spa
e Self-Consistent Field method (CASSCF) and Complete

A
tive Spa
e Perturbation Theory (CASPT2) are presently re
ognized state of the art

methods used for 
onstru
tion of PESs intended for studying rea
tions. Su
h a

urate

surfa
es are unavailable for many systems required for studying rea
tions pertaining to

air 
hemistry and these are presently 
al
ulated from s
rat
h.

Presently, there are few published works that have used 
ross-se
tion data 
al
ulated

using ab-initio methods for use in DSMC simulations. Ozawa et al.[26, 27℄ obtained the


ross-se
tion for the rea
tion O + HCl → OH + Cl using the Rama
handran Peterson
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(RP) PES[28℄. Their DSMC model assumes that the rotational and vibrational energies

are 
ontinuous variables, and 
al
ulates the rea
tion probability as a fun
tion of internal

energy (Eint).

σr = σr(Eint, Etrans) (2.18)

Wysong et al.[29℄ 
ompared the rea
tive 
ross-se
tion obtained from QCT, TCE and

QK models for the disso
iation N2+N → 3N and ex
hange rea
tion N2+O → NO+N .

They studied the e�e
t of 
ross-se
tions obtained through QCT method and the phe-

nomenologi
al 
hemi
al models for DSMC simulation of hypersoni
 �ow over a sphere,

and found a mismat
h between the rea
tive 
ross-se
tion values as assumed in the TCE

model and generated using the QCT method. Several papers [30, 31, 32, 33℄have been

published investigating ro-vibrational ex
itation and disso
iation 
ross-se
tion results 
or-

responding to di�erent thermal distributions of energy in various modes. The database in

the above mentioned referen
es are more suitable for CFD simulation rather than DSMC

simulations. Besides these databases are not available for open a

ess.

Ideally, a 
ross-se
tion database suitable for DSMC should be generated as a fun
tion

of rotational and vibrational levels of the 
olliding parti
les instead of ma
ros
opi
 values

of rotational and vibrational temperatures. This will ensure that there is no need to de�ne

a temperature and any non-equilibrium situation 
an be handled. A major obsta
le in

developing a suitable 
ross-se
tion database is the extensive 
omputational 
ost asso
i-

ated with the QCT sampling. The disso
iation of nitrogen mole
ule upon 
ollision with

another nitrogen mole
ule is the most important rea
tion in Air Chemistry. A Nitrogen

mole
ule has 9019 ro-vibrational levels. Thus, ensembles for QCT method have to be

run for a total of

9019C2 
ombinations of ro-vibrational levels for any spe
i�ed value of

relative translational energy. It is obvious that the 
omputational 
ost asso
iated with

generating su
h a large database is not pra
ti
al. A way around this would be to arrive

at methods to de
rease the 
omputational 
ost using some interpolation s
heme. Su
h

a method has been dis
ussed in the present work. The proposed new method 
al
ulates

the rea
tive 
ross-se
tion for the entire spe
trum of ro-vibrational levels using a weighted

�tting s
heme using rea
tive 
ross-se
tion data at only a few sele
ted ro-vibrational levels.

The weights are 
al
ulated using spe
tros
opi
 data.

As a part of this work, the rea
tive 
ross-se
tion for all important rea
tions in the 5

spe
ies air 
hemistry model are generated and published. The rea
tions in air 
hemistry


an be 
lassi�ed into the following groups:

• disso
iation of N2 or O2 or NO 
olliding with another mole
ule,



18 CHAPTER 2. LITERATURE SURVEY

• disso
iation of N2 or O2 or NO 
olliding with an atom (N or O),

• re
ombination of two atoms to form a mole
ule,

• ex
hange (Zeldovi
h) rea
tions: N2 +O ⇀↽ NO +N , O2 +N ⇀↽ NO +O.

Although important and 
hallenging, the re
ombination pro
esses are skipped in the

present analysis of the rea
tion modelling. This is be
ause the probability of re
ombina-

tion is minimal in the high enthalpy vi
inity of the re-entry vehi
le at rare�ed 
onditions.

Further the formation of NO in the simulation is insu�
ient and the mole fra
tion of

NO is less than 0.01. Hen
e, a 
ross-se
tion database for the disso
iation of NO with

other mole
ules and atoms is not in
luded. In DSMC simulations, these rea
tions will be

modelled using the existing TCE model to ensure 
ompleteness.

Table 2.2: List of PESs and rea
tions for whi
h 
ross-se
tion database is 
al
ulated using

the QCT method.

N2 O2 NO

N2

N4

N2+N2 →N2+2N

N2+N2 →4N

O2

N2O2 O4
*

O2+N2 →O2+2N O2+O2 →O2+2O

O2+N2 →N2+2O O2+O2 →4O

N

N3
*

NO2 N2O

N2+N→3N N+O2 →N+2O N+NO→O+2N

N+O2 →NO+O N+NO→N2+O

O

N2O O3
*

NO2

O+N2 →O+2N O+O2 →3O O+NO→N+2O

O+N2 →O+NO O+NO→O2+N

*

New PES 
onstru
ted

Ex
hange rea
tion

Di�erent rea
tions require di�erent PESs. A summary of rea
tions studied and their


orresponding PESs is tabulated in Table 2.2. The PESs marked with (*) are the newly


onstru
ted PESs using a

urate 
omputational 
hemistry methods. In the 
ase of study-

ing �ow around the re-entry vehi
les, the 
onstituent atoms and mole
ules are often
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transported to higher ele
troni
 states. Although the population of parti
les in higher

ele
troni
 states is negligible, these parti
les may have a signi�
ant e�e
t on the radiative


omponent of the heat �ux. In
lusion of the higher ele
troni
 states in the modelling

of 
hemistry adds an appre
iable 
omputational e�ort and 
ost. Presently, the 
hemi
al

rea
tion model involves the rea
tants and produ
ts in their respe
tive ground states. In

addition to this 
omplexity, the ground state of the rea
tants and the produ
ts are often


onne
ted through multiple PESs. In the 
ase of O3, O4, N2O, and NO2 systems, the mul-

tiple PESs have a low energy barrier and have multiple 
oni
al interse
tions. A rea
tion

starting on a PES may end up on another surfa
e during its progression. This is known

as surfa
e hopping. In the present study, the traje
tories are run on di�erent surfa
es

of a system to get a

urate 
ross-se
tions. However, these traje
tories are assumed to

be adiabati
 in nature and hen
e surfa
e hopping is ignored. In 
ontrast to the systems

with oxygen atoms, the N3 and N4 PESs have large energy barriers and traje
tories are

simulated on ground state PES only.

2.4 Potential Energy Surfa
es in Air Chemistry

2.4.1 O3 system

Studies for the disso
iation of O2 mole
ule requires in
lusion of non-adiabati
 e�e
ts[34℄.

This is due to the 
losely spa
ed multiple ele
troni
 states for the O3 system. In total,

27 ele
troni
 states need to be 
onsidered in absen
e of the spin-orbit intera
tion. Also

the 
oni
al interse
tion between the two lowest PESs in
reases 
ompli
ations. The 
om-

plexities of the O3 system are dis
ussed at length by Tashiro and S
hinke[35℄, Andrienko

and Boyd[34℄. The in
lusion of su
h 
omplexities are presently beyond the s
ope of this

work. At present, the traje
tories are performed on a single ground state with adiabati


assumption. Previous studies[36℄ suggest multipli
ation with a degenera
y fa
tor 16/3 to

a

ount for the multiple surfa
e problem in 
al
ulating the disso
iation rates 
oe�
ients.

An analyti
ally derived PES by Varandas[37℄ in Double Many Body Expansion (DMBE)

form has been used extensively[34, 38, 39, 40, 41℄ to study the O3 system. This PES has a

simple analyti
al form, formulated using experimental data on s
attering and disso
iation

rate 
oe�
ients.

Several authors have presented a global PES or a part of it using ab-initio methods[42,

43, 44, 45℄. Müller et al.[44℄ 
ondu
ted a 
omparative study of 
hara
terization of open

and ring minima using singles and doubles 
oupled-
luster (CCSD) method and a variety

of basis sets. They 
on
luded that the results 
al
ulated using CCSD(T) and MR-AQCC

(Multi-referen
e intera
tion with Averaged Quadrati
 Coupled Cluster) with quadruple-
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zeta 
orrelation 
onsistent basis set were within 3% of the experimental �ndings[46℄.

However, using methods su
h as single and double ex
itation perturbation method for

studying systems with strong ele
tron 
orrelation su
h as bond breaking and bond for-

mation 
annot be justi�ed with full 
on�den
e[25℄. A superior pro
edure of generating a

PES for few atom systems is by implementing a multi-
on�gurational method to a

ount

for stati
 ele
tron 
orrelation followed by a dynami
 
orrelation step.

Re
ently developed PESs[47, 48, 49, 50, 51, 52℄ have in
orporated the CASSCF method

followed by multi-referen
e methods. The PES 
reated is further used to study the kinet-

i
s of ozone formation O2 + O → O3 and determining isotope ex
hange rates. Deviation

from the isotope ex
hange rates with experimental �ndings, espe
ially at low tempera-

tures, and limited understanding of the anomalous mass independent fra
tionation e�e
t

has been widely per
eived as a dire
t 
onsequen
e of unavailability of a satisfa
tory global

PES. Seibert et.al[47℄ reported a global PES (Siebert S
hinke Bittererova or SSB PES)

using multireferen
e 
on�guration intera
tion (MRCI) 
al
ulation and 

-PVQZ (
orre-

lation 
onsistent polar valen
e only Quadruple-zeta) basis set. The SSB PES a

urately

des
ribed the open minima(C2v), ring minima (D3h) and disso
iation threshold. Ozone

disso
iates to O2 + O when an end atom in the C2v stru
ture is removed. The SSB PES

has a small barrier (45 
m

−1
) above the disso
iation limit and a van der Waals minimum

in the exit 
hannel of the minimum energy path. Babikov et.al.[48℄ have 
on
luded that

this barrier is an artifa
t.

Dawes et.al.[51, 52℄ have reported a PES 
onstru
ted with MRCI-F12 method and

VQZ-F12 basis set. A spin-orbit 
orre
tion was added and it was observed that their PES

showed a

urate parameters of equilibrium stru
tures (C2v, D3h) and transition region

without the reef stru
ture. In addition to this, the vibrational levels 
al
ulated using their

PES showed satisfa
tory mat
h with experiments. Moreover, substantial work[43, 53℄ has

been 
arried out fo
using on higher ele
troni
 states of Ozone.

2.4.2 N3 system

Several studies have reported 
lassi
al traje
tory analysis of N2-N 
ollisions [54, 55, 56, 57℄

using N3 PES. Laganà et al.[58℄ proposed the London-Eyring-Poloyni-Sato (LEPS) PES

with a linear transition stru
ture and a barrier height of 36 k
al/mol. Computational

results[59℄ have suggested that the transition stru
ture has a double barrier 
ontrary to

the LEPS stru
ture.

Wang et al.[60℄ reported a global PES using open-shell Coupled-Cluster Singles and

Doubles with perturbation-
orre
tion of Triples (CCSD (T)) te
hnique and augmented
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orrelation 
onsistent basis set (aug-

-pVQZ) using 3326 points. They reported a double

barrier at a height of 47.2 k
al/mol above the rea
tant energy separated by a shallow well

at a depth of 3.5 k
al/mol relative to the barrier. The transition state as 
al
ulated due

to Wang et al. was a non linear bent shaped stru
ture. At the double barrier, the bond

lengths between the adja
ent N atoms were 1.18 Å and 1.48 Å with an in
luded angle

of 119

◦
. At the shallow well, having the C2v symmetry, the bond lengths were both 1.27

Å with 120

◦
in
luded angle. The PES was used to study the N2 + N ex
hange rea
tion

using quantum dynami
s wave pa
ket 
al
ulations. The reported PES showed signi�
ant

di�eren
es with the Laganà LEPS.

A series of PESs (L0-L4) were reported by Gar
ia et.al.[57℄ based on CCSD(T)/aug-



-pVTZ system. PESs were based on ab-initio 
al
ulations on a smaller data set of

geometri
 
on�gurations or points. The points were 
lustered around the transition state

region and minimum energy path. The 
al
ulated values of bond lengths and in
luded

angle for transition states and the well geometry agreed well with Wang et al.[60℄.

2.4.3 NO2 system

The ground and several higher ele
troni
 states of the NO2 system have been subje
ted

to numerous studies in the past. Ground state rea
tants and produ
ts are 
onne
ted

through

2A′
and

4A′
surfa
es. Global or small se
tions of the PES for the NO2 systems

have been reported by several authors [61, 62, 63, 64℄. However, many of these may not

be suitable for studying the me
hanism and 
al
ulating the 
ross-se
tion database of the

ex
hange rea
tions.

Wal
h et al.[65℄ reported a Complete A
tive Spa
e SCF/ Contra
ted CI PES for NO2

and N2O surfa
es using large Gaussian basis sets. In the 
ase of the NO2 system, a global

PES for the

2A′
surfa
e and 
al
ulation along the minimum energy path (MEP) for

4A′

are do
umented. The forward ex
hange rea
tion was found to be exoergi
 in nature. In

the entry 
hannel of the MEP, an early barrier of 10.2 k
al/mol on the

2A′
surfa
e and a

barrier of 18.0 k
al/mol on the

4A′
surfa
e was established. It 
an be 
on
luded that the

forward ex
hange rea
tion primarily takes pla
e on the

2A′
surfa
e due to the di�eren
e

in the barrier heights, espe
ially at lower translational energy.

Gilibert et al.[66℄ reported an analyti
al Sorbie-Murrell fun
tion on the lowest

2A′

surfa
e using the then available ab-initio data and spe
tros
opi
 data. The authors have

used this surfa
e for Quasi-Classi
al Traje
tory studies and have reported reprodu
tion

of experimental rea
tion rate 
oe�
ients.
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Sayos et al.[67℄ generated new

2A′
and

4A′
surfa
es using CASSCF method followed

by se
ond order perturbation method (CASPT2). An a
tive spa
e of 17 a
tive ele
tron

and 12 a
tive orbitals with Dunning style G2/aug-

-pVTZ basis set were used for the


al
ulations. In addition to these, experimental data for the exoergi
ity and disso
iation

enthalpy of O2 mole
ule were used to appropriately modify the ab-initio

2A′
PES. The

topography of the system at Cs and near C2v symmetries were detailed. Many previously

unreported transition points were reported and tabulated for both the surfa
es. The au-

thors observed that the barrier height along the MEP of the forward ex
hange rea
tion on

the

4A′
surfa
e was lower than the 
orresponding value 
al
ulated by Wal
h and Ja�e[65℄.

This results in higher 
ontribution of the traje
tories on

4A′
surfa
e towards the rea
tion

rate 
oe�
ient.

Varandas et al.[68℄ reported a multi-sheeted Double Many Body Expansion (DMBE)

PES for the

2A′
state. The authors have 
alibrated 8×8 DMBE PES to mat
h the impor-

tant topologi
al features of the NO2 system. The DMBE surfa
e has been used widely

for QCT studies of the ex
hange rea
tion.

Kurkal et al.[69℄ reported a global PES for the ground (

1A1) and the �rst ex
ited

state (

2B2) of NO2 using multireferen
e 
on�guration intera
tion 
al
ulation and Dun-

ning style aug-

-pVQZ. The surfa
e was intended to study the disso
iation of NO2 →
N + O2 and a

urately predi
ted the disso
iation energy. The frequen
ies of di�erent vi-

brational modes 
al
ulated using the generated PES mat
hed well with the experimental

values.

At higher energies, the rea
tants often transport to higher ele
troni
 states and the

rea
tion takes pla
e on higher ele
troni
 states. Braunstein and Du�[70℄ 
al
ulated PESs

for the rea
tion N(

2D) + O2(X
3Σ−

g ) → NO + O. The produ
ts formed are at their

respe
tive ground states. Gonzalez et al.[71℄ also reported CASSCF/CASPT2 PES for

the same rea
tion and further performed variational transition state theory (VTST) and

quasi
lassi
al traje
tory (QCT) methods 
al
ulations to study the kineti
s and dynami
s

of the rea
tion.

2.4.4 N2O system

The PES required to study the N2-O 
ollisions is the N2O PES. The ground state rea
tants

and produ
ts are 
onne
ted through

3A′
and

3A′′
surfa
es. Similar to the NO2 system,

many authors have reported PESs[72, 73℄ for the N2O system. Wal
h and Ja�e[65℄ re-

ported CASSCF/CCI 
al
ulations for the two lowest N2O surfa
es. The PESs have been

widely used to study the dynami
s and kineti
s of the rea
tion. A barrier height of 0.5
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k
al/mol and 14.4 k
al/mol relative to NO + N were found at the exit 
hannel on the

3A′
and

3A′′
respe
tively. It was observed that the reverse rea
tion NO + N → N2 + O

predominantly takes pla
e on

3A′′
surfa
e.

Re
ently, Lin et al.[74℄ reported a state of the art PES for the lowest

3A′
and

3A′′
using

MRCI/state averaged SA-CASSCF. Only 2p ele
trons are 
onsidered in the a
tive spa
e.

The ten a
tive ele
trons and nine a
tive orbitals make up the a
tive spa
e. Dunning

style maug-

-pVTZ basis set was used for the 
al
ulations. Cal
ulations are performed

at 2280 and 2298 points on the

3A′
and

3A′′
respe
tively. A permutationally invariant

polynomial using mixed exponential Gaussian variables was used to �t the data. The

analyti
al expression of the two surfa
es is available on Potlib[75℄. Various topographi
al

features su
h as the transition points, lo
al minima, and minimum energy paths for the

ex
hange rea
tion on the two surfa
es are further explained in detail.

2.4.5 O4 system

O4 PES topography has been a topi
 of interest and many authors have reported either a

global PES or a part of it. Lauvergnat et al.[76℄ 
onstru
ted a global triplet O4 PES us-

ing internally 
ontra
ted Multireferen
e 
on�guration intera
tion (i
MRCI) using 6-311G

(2d,f) basis set. The 
omputations were 
arried out using an a
tive spa
e of 6 ele
trons

and 6 orbitals (CAS(6,6)). It was argued that the basis set 
hosen and the 
hoi
e of

the a
tive spa
e were inadequate. As a result, equilibrium bond lengths for the O2+O2

stationary point were unequal. In addition to this, the optimized lengths for the O3+O

C2v state were also unequal.

Hernandez-Lamoneda et al.[77℄ reported ab-initio results for ground state and low ly-

ing ele
troni
 states for the reverse rea
tion (Rea
tion O2(v > 25) +O2 → O3 +O) along

the minimum energy path (MEP) using i
MRCI and atomi
 natural orbitals (ANO) and

a more intensive a
tive spa
e (CAS(16,12)). PES 
rossings between the singlet and triplet

states were observed. It was observed that non-adiabati
 e�e
ts play an important role in

ozone de�
it e�e
t. Although the 
hoi
e of the a
tive spa
e was superior, the 
al
ulations

were only along the MEP and hen
e 
annot be used to study the oxygen disso
iation

(Rea
tion O2 +O2 → O2 +O +O) rea
tion that requires a global PES.

Varandas et al.[78℄ reported a Double Many Body Expansion (DMBE) PES 
on-

stru
ted using MRCI ab-initio 
al
ulations, data from previous surfa
es and a re
om-

mended estimate of the barrier height in the MEP. The work experimented with di�erent

a
tive spa
es (CAS(6,6), CAS(8,8), CAS(16,12)) and 
on
luded that CAS(8,8) was the

smallest a
tive spa
e su�
ient to des
ribe all rea
tion 
hannels. Also, this was the small-
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est a
tive spa
e with equal bond lengths for stationary points O2+O2 and O3+O unlike

the CAS(6,6) a
tive spa
e used in the PES by Lauvergnat et al.[76℄ that did not lead to

the 
orre
t bond lengths.

Re
ently, Paukku et al.[79℄ have published a state of the art MS-CASPT2/maug-



-pVTZ global O4 PES for singlet and quintet spin states. Permutationally invariant

global �ts using mixed exponential Gaussian fun
tions for the surfa
es are available at

POTLIB[75℄. The PES is suitable for studying ro-vibrational energy ex
hange and disso-


iations for high energy O2-O2 
ollisions.

In addition to these global PESs, many studies on redu
ed four dimensional PESs on

the O4 system with rigid O2-O2 dimer 
on�gurations have been 
arried out[80, 81, 82℄.

Bartolomei et al.[81, 82℄ have reported spheri
al harmoni
 expansion of singlet, triplet

and quintet spin multipli
ities of O2-O2 dimer using restri
ted 
oupled-
luster theory

with singles, doubles, and perturbation triple ex
itations (RCCSD(T)). The interatomi


distan
e between the atoms forming O2 are �xed at equilibrium distan
e. Though many

interesting phenomena in the �elds of laser te
hnology and 
ondensed matter physi
s 
an

be studied using their PESs, the 4D PESs are unsuitable for studying bond breaking and

bond formation.

2.4.6 N4 PES

The N4 PES is a six-dimensional surfa
e and is a more 
ompli
ated system when 
om-

pared to the three atom system. Paukku et al.[83℄ have used Complete A
tive Spa
e

Self Consistent Field (CASSCF) and Complete A
tive Spa
e Se
ond Order Perturbation

Theory (CASPT2) to develop a state of the art global N4 PES to study the disso
iation

more a

urately. A Fortran 
ode for the permutationally invariant global least square �t

of the PES is available on POTLIB[75℄.

Sele
ting appropriate a
tive spa
e and a
tive orbitals for CASSCF-CASPT2 method

is 
riti
al for a

ura
y and 
omputational 
ost. Paukku et al.[83℄ have pla
ed only 2p

orbitals in the a
tive spa
e. An a
tive spa
e of 12 ele
trons and 12 orbitals (12e/12o) was

sele
ted for the system. Minimally augmented Dunning style basis set (maug-

-PVTZ)

was used for all 
al
ulations 
arried out on MOLPRO 
omputational 
hemistry pa
kage.

2.4.7 N2O2 system

A 
ombination of Complete A
tive Spa
e SCF (CASSCF) and se
ond order perturbation

theory (CASPT2) has been used by Varga et al.[84℄ in 
onstru
tion of a state of the art
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global triplet spin state N2O2 PES. The a
tive spa
e used 
onsists of 14 a
tive ele
trons


omprising of 2p ele
trons of the two nitrogen and the two oxygen atoms, and 12 a
tive

orbitals. Dunning style minimally augmented 
orrelation-
onsistent polarized valen
e

triple-zeta (maug-

-pVTZ) basis set is used in 
onstru
tion of the six dimensional surfa
e

using a total of 54889 geomentries. A permutationally invariant �tting fun
tion of the

N2O2 surfa
e is available on PotLIB[75℄.

2.5 Summary

It 
an be 
on
luded that the widely used phenomenologi
al methods for modelling 
hem-

i
al rea
tions in DSMC are not reliable in situations with high degree of non-equilibrium.

There is a need and s
ope for improvement in the area of non-equilibrium 
hemi
al rea
-

tion modelling. A new ab-initio based 
hemi
al rea
tion model is proposed whi
h employs


omputational 
hemistry algorithms to generate PESs whi
h are used to 
al
ulate rea
-

tive 
ross-se
tion using the QCT method. A

urate N4, N2O2, NO2 and N2O PESs are

available on the PES library: PotLIB. In addition to these systems, new PESs for O4,

N3, and O3 are 
onstru
ted using the MolCAS 
omputational 
hemistry pa
kage. Details

of the ab-initio 
al
ulations and validation with experimental data is presented in Chap-

ter 4. The rea
tive 
ross-se
tions for disso
iation and ex
hange, listed in Table 2.2, are

generated using the a

urate PESs.



26 CHAPTER 2. LITERATURE SURVEY



Chapter 3

Computational Methodology

3.1 MolCAS Ab-initio Pa
kage

University editionMolCAS 8.0 
omputational 
hemistry pa
kage in
ludes Multi-
on�gurational

Self-Consistent Field (MC-SCF) methods su
h as Complete A
tive Spa
e SCF method

(CASSCF) and se
ond order Complete A
tive Spa
e Perturbation Theory (CASPT2).

Coordinates of the atoms 
omprising the system, spin of the system, details regarding

basis set and parameters for the CASSCF and CASPT2 methods are input to a MolCAS


ode. MolCAS ab-initio Pa
kage solves the ele
troni
 S
hrödinger equation given the

position of the nu
lei and the number of ele
trons.

Figure 3.1: Atomi
 stru
ture of an Nitrogen atom.

The spin state (Spin) of the system, number of a
tive ele
trons (Na
tel), number of

ina
tive pairs of ele
trons (Ina
tive) and a
tive orbitals (RAS2) are required for CASSCF


al
ulations. As an illustration, 
onsider CASSCF 
al
ulation for an N3 
on�guration.

The N atom has 7 ele
trons residing in 1s, 2s and 2p ele
tron shells in its ground state

as shown in Figure 3.1. 1s and 2s are fully o

upied and the ele
trons residing in these

orbitals 
an be assumed to be ina
tive. In total, 6 pairs of ele
trons in the N3 system

are ina
tive. The remaining 9 ele
trons reside in 2p orbitals as shown in Figure 3.2. The

spin of the system (S = 2Σs + 1) is the sum of spins (s =1/2 or -1/2) of the a
tive

ele
trons. In the ground state, the spin state of the N3 system is equal to 2 (2×1/2 + 1).

The 
hoi
e of a
tive orbitals depends on the system in question. In the present work for

27
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Figure 3.2: Mole
ular stru
ture of a N3 system.


onstru
ting PESs pertaining to air 
hemistry, the numbers of a
tive orbitals 
hosen for

various systems are obtained from literature.

Table 3.1: A
tive spa
e 
hosen for CASSCF 
al
ulation for various systems in air 
hem-

istry

System Ina
tive ele
tron pairs A
tive ele
trons A
tive Orbitals Referen
e

N3 6 9 9 Mankodi et al.[85℄

O3 6 12 9 Mankodi et al.[85℄

Varga et al.[86℄

N2O 6 10 9 Lin et al.[74℄

NO2 6 11 9 Sayos et al.[67℄

N4 8 12 12 Mankodi et al.[87℄

Paukku et al.[83℄

O4 8 16 12 Mankodi et al.[87℄

Paukku et al.[79℄

Paukku et al.[88℄

N2O2 8 14 12 Varga et al.[84℄

The O3 system has exa
tly the same number of ina
tive pair of ele
trons as the N3

system. However, the Oxygen atom has four a
tive ele
trons in its last 2p shell. Thus,

there are 12 a
tive ele
trons for the O3 system and it is reported that 9 a
tive orbitals

are su�
ient for CASSCF 
al
ulations. The other three atom systems, namely N2O and
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NO2, also have the same number of pairs of ina
tive ele
trons. N2O and NO2 have 10

and 11 a
tive ele
trons respe
tively. The four atom systems, N4, O4 and N2O2 ea
h have

8 pairs of ina
tive ele
trons. The number of a
tive ele
trons for N4, O4 and N2O2 are

12, 16 and 14 respe
tively. In essen
e, only 2p ele
trons are part of the a
tive spa
e for

CASSCF 
al
ulations. The details of the a
tive spa
e and referen
es of the sour
e of the

PES are tabulated in Table 3.1. CASPT2 follows the CASSCF 
al
ulation.

3.2 QCT Method Code

The rea
tive 
ross-se
tion database is generated by simulating a large ensemble of runs

using the Quasi-
lassi
al Traje
tory (QCT) method. The overall algorithm of the QCT

method is detailed in Chapter 2. In the present 
hapter, the pro
edure for initialization

and analysis of a traje
tory are des
ribed.

3.2.1 Initializing a traje
tory

The major rea
tions in the Air 
hemistry listed in Table 2.2 
an be 
lassi�ed on the basis

of number of atoms involved in the intera
tion. The rea
tions o

ur either through atom-

mole
ule or mole
ule-mole
ule 
ollisions. Further, the mole
ules involved are diatomi


mole
ules only. The atom-mole
ule 
ollisions traversing on a three dimensional PES 
an

lead to disso
iation of the mole
ule or ex
hange of the atom with one of the 
onstituent

atoms forming the mole
ule. In 
ontrast, the mole
ule-mole
ule 
ollisions traversing on a

four-atom six-dimensional PES lead to disso
iation of one or both the mole
ules. There

also 
ould be an ex
hange of atoms.

Initializing the spa
e (q) and momenta (p) variables is essential in starting a traje
tory.

In the 
ase of atom-mole
ule 
ollision, the spa
e variables of the atoms in the mole
ule

are set about the origin of the 
oordinate system. The third atom is pla
ed at a distan
e

far from the origin where it does not experien
e any e�e
t of the mole
ule at the origin.

The relative translational energy of the traje
tory is added as the momentum of this atom

dire
ted towards the origin. The internal energy 
omprising of rotational and vibrational

energies is added through the mole
ule at the origin. The diatomi
 mole
ule rotates and

vibrates about the 
entre. At either extremum of the periodi
 motion, the momentum

of the atoms about the 
entre of vibration is zero. At this point, the momentum of the

atoms is purely due to rotational 
omponent of the internal energy. These points are

known as turning radii (r±). Di�erent ro-vibrational levels have di�erent sets of turning

radii. The value of the turning radii is 
al
ulated by solving the vibrational S
hrödinger
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equation for diatomi
 mole
ules:

[

− h̄2

2µ

d2

dr2
+ Veff(r, j)− ev,j

]

ψ(r) = 0 (3.1)

where h̄ is the Plan
k's 
onstant divided by 2π, µ is the redu
ed mass of the diatomi


mole
ule, ψ is the wavefun
tion, ev,j is the internal energy at j rotational level and v

vibrational level.

Veff(r, j) is the e�e
tive potential energy whi
h is the sum of potential energy and

rotational energy, and is given by:

Veff(r, j) = V (r) +
j(j + 1)h̄

2µr2
(3.2)

where V (r) is generally in the Morse potential form. In 
ontrast to the attra
tive-repulsive

behaviour of the potential (V (r)), the 
ontribution of rotational energy to the e�e
tive

potential is repulsive in nature. Beyond a 
ertain rotational level (jmax), the e�e
tive

potential will be of purely repulsive nature. For all rotational levels greater than jmax the

mole
ular identity is lost and it is said to be in a disso
iated state. In the 
ase of Nitrogen

and Oxygen mole
ules, the total number of possible rotational levels, jmax, are 279 and

212 respe
tively. For all values of j less than jmax, the graph of the e�e
tive potential

energy will have a global minima and a lo
al maxima as shown in Figure 3.3 for nitrogen

mole
ule. The gradient of the e�e
tive potential energy 
hanges its dire
tion at the global

minima and a lo
al maxima at a distan
e greater than the radius at the global minimum

internal energy. Cal
ulating the roots of the equation of the gradient using the bise
tion

method yields the radii 
orresponding to the global minimum and lo
al maximum energy.

A simple substitution of the radii in the initial equation will return the minimum and

maximum energy possible.

The S
hrödinger equation, in this 
ase, does not have a simple analyti
al solution

be
ause the form of Veff (r, j) is 
omplex. However using the semi-
lassi
al Wentzel-

Brillouin-Kramers (WKB)[89, 90℄method, an approximation 
an be made to generate a

simpler integral relation of the form:

v = −1

2
+

(2µ)2

πh̄

∫ r+

r−

(ev,j − Veff(r, j))
1/2dr (3.3)

Initially, the maximum internal energy for a rotational level j, as 
al
ulated using
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Figure 3.3: E�e
tive Potential Energy Curve at di�erent rotational levels for Nitrogen

mole
ule.

the pro
edure outlined in the paragraph above, is used to 
al
ulate turning points r+

and r−. The turning points and maximum internal energy are substituted in the above

equation whi
h is further numeri
ally integrated using the Trapezoidal method. The �oor

value of the right hand side of the equation 
al
ulates the maximum possible vibrational

level(vmax(j)) for the given rotational level(j). The values of internal energy (ev,j) are it-

eratively adjusted so as to get the �nal result of the right hand side 
onverge to an integer

value 
orresponding to the vibrational levels (∈ (0, vmax(j)). The values of turning points

and internal energy for the entire range of ro-vibrational levels are enumerated.

Rovibrational states that have an internal energy(ev,j) greater than the disso
iation en-

thalpy are 
lassi�ed as unbound states, while the remaining states are 
lassi�ed as bound

states. For nitrogen, the maximum vibrational level for j = 0 rotational level is 55, the

number of bound states are 6990 while the unbound states are 2000 adding up to a total

of 8990 states. In 
ontrast, for oxygen, the maximum vibrational level for j = 0 rotational

level is 37, while the number of bound and unbound states are 4221 and 1125 respe
tively.

Further, only odd number rotational levels are a

eptable for oxygen mole
ule. The max-

imum vibrational level for Oxygen is in a good mat
h with the experimental �ndings

(vmax = 36) and is an improvement over previous simulation results [34, 91℄. For the

nitrogen system, there is a small di�eren
e with existing values [90, 56℄ for the number

of bound and unbound states. However, it has been argued previously that this 
hange


an be attributed to numeri
al methods employed and the interpolation te
hniques of the

potential energy 
urve. In addition to this, as the internal energy in
reases, the states are


losely spa
ed and often regarded as a band instead of distin
t lines in spe
tros
opy. It is
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safe to assume that the e�e
t of this di�eren
e in 
losely spa
ed higher ro-vibrational lev-

els would not be mena
ing on the rea
tive 
ross se
tion obtained using the QCT algorithm.

The spa
e 
oordinates of the atoms forming the mole
ule are pla
ed at half the turning

radii 
entred about the origin with a random polar and azimuthal angle. The momentum

of the atoms forming the mole
ule is set to the rotational energy 
orresponding to the

rotational level of the mole
ule. In the mole
ule-mole
ule 
ollision, the internal energy of

the in
oming mole
ule that is pla
ed at a distan
e far from the origin is set in the same

manner. However, it must be mentioned that the momenta and spa
e 
oordinate of this

se
ond mole
ule are set a

ording to its ro-vibrational level.

The paths of the 
entre of gravity of the 
olliding parti
les may not interse
t leading to

the 
on
ept of impa
t parameter. The impa
t parameter is de�ned as the perpendi
ular

distan
e between the path of the in
oming parti
le and the 
enter of a potential �eld


reated by the mole
ule at the origin. The impa
t parameter (b) for a traje
tory is

randomly sampled using the relation b = ξ1/2bmax where bmax is the maximum impa
t

parameter and ξ is a random number between 0 and 1. The maximum impa
t parameter

is set to 8Å for all traje
tories involving atom-mole
ule 
ollisions and 14Å for mole
ule-

mole
ule 
ollisions. In the simulation, the spa
e 
oordinate of the in
oming parti
le is

adjusted a

ordingly.

3.2.2 Time Integrator

With the above initial 
onditions, Hamilton's equations are numeri
ally integrated to

get the time evolution of the system. The 
hoi
e of the time integrator is important

for any partial di�erential equation. The time evolution of a Hamiltonian system is

symple
tomorphi
 and it is justi�ed to use a symple
ti
 integrator for the set of equations.

Generally higher order Runge Kutta (RK) methods are used as time integrator. The

standard RK-4 method is not a symple
ti
 integrator. Hen
e, higher order symple
ti


integrators were also tested. These integrators were both 
omputationally a

urate and


ostly 
ompared to a se
ond order Verlet algorithm[92℄. However, the latter was 
hosen

as the time integrator sin
e the out
ome of the traje
tory run was not a�e
ted by the

order of the algorithm as long as the integrator was symple
ti
. The Verlet algorithm


omprises of three steps:

p
N+1/2
i,j = pNi,j +

1

2

∂V
∂qNi,j

∆t (3.4)

qN+1

i,j = qNi,j +
p
N+1/2
i,j

mi
∆t (3.5)
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pN+1

i,j = p
N+1/2
i,j +

1

2

∂V
∂qN+1

i,j

∆t (3.6)

where the �rst letter of the subs
ripts {i, j} denotes the atom and se
ond denotes the


oordinate (j =x or y or z), and the supers
ripts N ,N + 1/2 and N + 1 denote the time

at the previous, intermediate and the new iteration respe
tively. It is noteworthy that

evaluation of derivative of the potential is 
arried out twi
e for a single Verlet step.

3.2.3 Out
ome of a traje
tory

As time progresses, the 
olliding parti
les move toward ea
h other. The sum of the dis-

tan
es between the pairs of atoms redu
es. After the intera
tion is 
omplete, the parti
les

keep moving away from ea
h other and the sum of the distan
es between the pairs of

atoms in
reases. The traje
tory is said to rea
h 
ompletion when the sum of the new

distan
es is greater than the sum of the distan
es at the initial moment (t=0). The dis-

tan
es between the pair of atoms at the end of a run is used to 
he
k if the 
ollision has

resulted in a rea
tion or not.

The possible out
omes for an atom-mole
ule traje
tory are:

• no rea
tions and no 
hange in ro-vibrational level of the mole
ule

• no rea
tion but 
hange in ro-vibrational level of the mole
ule

• the atom ex
hanges its pla
e with one of the atoms of the mole
ule

• the mole
ule disso
iates to give three separate atoms.

In 
ontrast, a mole
ule-mole
ule intera
tion 
an result into many more out
omes.

• no rea
tions and no 
hange in ro-vibrational level of any mole
ule

• no rea
tion but 
hange in ro-vibrational level of one of the mole
ules

• no rea
tion but 
hange in ro-vibrational level of both the mole
ules

• ex
hange rea
tion

• one of the mole
ules disso
iates and no 
hange in ro-vibrational level of the other

mole
ule

• one of the mole
ule disso
iates and 
hange in ro-vibrational level of the other

mole
ule
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Figure 3.4: Graphi
al representation of a few of the possible out
omes for a QCT trial

for the N2 +N2 rea
tion: a) no rea
tion, b) ex
hange rea
tion, 
) single disso
iation and

d) double disso
iation

• two disso
iated atoms and formation of one mole
ule 
omprising of atoms from

di�erent mole
ules.

• both mole
ules disso
iate

Figure 3.4 presents a pi
torial view of four of the di�erent possible out
omes for the

N2-N2 intera
tion. Ea
h sub-�gure displays the time evolution (on x axis) for di�erent in-

teratomi
 distan
es (R1-R6). For all the 
ases represented in Figure 3.4, the mole
ules are

initialized at v=20 and j=0. The distan
es represented by R1 and R6 are the interatomi


distan
e between the pair of atoms forming a mole
ule.

3.2.4 Cross-se
tion

A large ensemble is simulated for a parti
ular ro-vibrational level for an atom-mole
ule


ollision or a 
ombination of ro-vibrational levels for a mole
ule-mole
ule 
ollision at some
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value of the relative translational energy. This ensemble is used to 
al
ulate the rea
tion

probability and rea
tive 
ross-se
tion data. The rea
tion probability is the fra
tion of the

traje
tories that result in a rea
tion to the total number of traje
tories in an ensemble. The

rea
tive 
ross-se
tion is an e�e
tive area used to indi
ate the measure of the probability

for a 
ollision to result in a su

essful 
hemi
al rea
tion. The rea
tive 
ross-se
tion for an

ensemble of traje
tories in the 
ase of atom-mole
ule rea
tions is:

σR(v, j, VR) = (πbmax)
2
NR(j, v, VR)

N(j, v, VR)
(3.7)

where v is the vibrational level, j is the rotational level, VR is the relative speed, N is the

total number of traje
tories progressed and NR is the number of traje
tories that result

in a su

essful disso
iation.

In the mole
ule-mole
ule rea
tions, the rea
tive 
ross-se
tion (σR) is a fun
tion of

the rotational and vibrational levels of both mole
ules, and the relative velo
ity. It is


al
ulated as:

σR(v1, j1, v2, j2, VR) = πb2max

NR(v1, j1, v2, j2, VR)

NT (v1, j1, v2, j2, VR)
(3.8)

As the QCT method is statisti
al, it is also important to evaluate s
atter in the data

to 
he
k if the rea
tive 
ross-se
tion data is reliable or not. The s
atter (∆σR) in the

rea
tive 
ross-se
tion (σR) is 
al
ulated using the expression:

∆σR = σR ×
(

N −NR

NNR

)

(3.9)

As 
an be observed from the equation, the s
atter redu
es with in
rease in the size of the

ensemble.

3.3 DSMC Code

3.3.1 Determining 
omputational parameters

DSMC simulations are performed for studying hypersoni
 �ow over a re-entry vehi
le at

a spe
i�ed altitude. Assuming Eulerian approa
h, the inlet gas with a 
omposition 
or-

responding to the given altitude �ows toward the vehi
le with stream velo
ity equal to

the re-entry speed. Properties su
h as pressure (P ) or number density (n), temperature

(T ) of the ambient atmosphere at the altitude, and the re-entry speed (U∞) and angle of

atta
k (θAOA) of the inlet �ow are the ne
essary input 
onditions. Generally, at altitudes

around 70 km, the ambient pressure has a value around 1 or 10 Pa, while the temperature

is around 200 K.
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The �rst step in a DSMC simulation is to 
al
ulate various 
omputational parameters

su
h as the number of 
ells in the domain, time-step and number of parti
les per 
ell

using the input variables. A prin
iple assumption of the DSMC algorithm is that the


ells should have lengths less than the mean free path and the time-step should be less

than the mean 
ollision time in order to justify de
oupling of the movement and 
ollision

pro
esses. The mean free path (λ) and mean 
ollision time (tc) are 
al
ulated using:

λ =
1√

2πd2refn
(3.10)

tc =
1

4πd2refn
√

(
πkbTref

m
)( T

Tref
)1−ω

(3.11)

where dref , Tref and ω are the Variable Hard Sphere (VHS) model parameters: referen
e

diameter, referen
e temperature and vis
osity parameter respe
tively. These parameters

are available for the 
ommon gases and tabulated in Appendix IV, [2℄.

The 
ell size and time-step for the DSMC simulation for a given set of ambient 
ondi-

tions is 
al
ulated using the formulae:

∆x = p× λ (3.12)

∆t = p× tc (3.13)

where p is a fra
tion generally less than 1/3. The number of 
ells in ea
h dimension

(Nx, Ny, Nz) is determined from the 
ell width values.

3.3.2 Des
ribing a DSMC parti
le

In DSMC, ea
h simulated parti
le represents a large number of real mole
ules. The

number density and the 
ell size information is available. Traditionally, it was a

epted

that there should be around 20 DSMC parti
les per 
ell. However, re
ently developed

sophisti
ated DSMC pro
edures suggest that this number should be around 8. It is evident

that the produ
t of the volume of the 
ell (∆x∆y∆z) and the number density is equal to

the number of real parti
les in the 
ell. Therefore 
ontinuing with these DSMC pro
edures,

the total number of real parti
les that a DSMC parti
le represents is 
al
ulated as:

Z =
n∆x∆y∆z

8
(3.14)

A list of parti
les is maintained during the simulation. A parti
le is a zero dimensional

point entity. The following information is stored and updated for ea
h parti
le as the
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simulation progresses:

• Position (X = {x, y, z})

• Velo
ity (U = {u, v, w})

• Rotational Energy (ER)

• Vibrational Energy Level (v′) and Vibrational Energy (EV )

• Spe
ies or spe
ies number

Eight parti
les are pla
ed randomly in ea
h 
ell of the domain. If a parti
le lies inside

the re-entry vehi
le geometry, it is ignored from the list of parti
les. After every time

step, Nin parti
les are pla
ed randomly on the inlet surfa
e.

The velo
ity of a parti
le is 
omposed of two 
onstituents: thermal velo
ity (Ut)

and stream (U∞) velo
ity. The 
omponents of the thermal velo
ity follow the Maxwell-

Boltzmann (M-B) distribution with ambient temperature as the parameter. The 
om-

ponents of the thermal velo
ity (Ut,i) are sampled from the M-B distribution using Box-

Mueller transformation whi
h has the following form:

Ut,i =
√

−ln(r1)sin(2πr2)UVMP (3.15)

where r1 and r2 are randomly generated numbers between 0 and 1, UVMP is the most

probable speed of the gas at ambient temperature. U∞ is added to the thermal velo
ity

to get the parti
le velo
ity. New parti
les entering the domain are initially pla
ed on the

inlet surfa
e. These parti
les are moved a

ording to their velo
ities for a random fra
tion

of the time-step. Parti
les that manage to enter the domain are added to the parti
le list.

In addition to the kineti
 energy, polyatomi
 parti
les will also possess rotational and

vibrational energies. In 
ontrast to rotational levels that form a 
ontinuous band, the

vibrational energy levels are widely spa
ed and a quantum model for vibrational energy

is ne
essary. The rotational energy (ER) and vibrational level (v′) are initialized as:

Er = −ln(r3)kbT (3.16)

v′ = −ln(r4)T/Tv (3.17)

where r3, r4 are random numbers. Initially all parti
les are at ground vibrational level.
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3.3.3 Movement module

The position of the parti
les is updated in ea
h time step using Euler integration. The

velo
ities of the parti
les remain un
hanged during their motion. If a parti
le exits the

domain, it is deleted from the parti
le list. For parti
les 
olliding with the re-entry

geometry, 
oordinate geometry formulations are used to 
al
ulate the point of 
ollision

on the re-entry surfa
e. The velo
ity of parti
les 
olliding with the geometry 
hange

a

ording to the boundary 
onditions set at the surfa
e. The two most widely used

boundary 
onditions for surfa
e 
ollisions are:

• Spe
ular Boundary Condition: The dire
tion of the normal 
omponent of the ve-

lo
ity of the 
olliding parti
le is reversed and the tangential 
omponent is kept

un
hanged. The rotational and vibrational energy of the parti
les are also kept

un
hanged. The energy of the parti
le before and after 
olliding with the surfa
e

is same and hen
e there is no ex
hange of energy with the surfa
e. This boundary


ondition is not appropriate due to its hypotheti
al 
hara
ter. The high energy

gas mole
ules in the post-sho
k region ablate the surfa
e material and this is not


aptured through this boundary 
ondition.

• Di�use Boundary Condition: The 
harring pro
ess raises the temperature of the

surfa
e material to its ablation temperature. The material slowly erodes at this

temperature and it is assumed that the surfa
e temperature stays (Tsurf) at this


onstant value. The velo
ity and internal energies of the parti
le 
olliding with the

surfa
e are reinitialized using the Maxwell-Boltzmann distribution 
orresponding to

the surfa
e temperature as the parameter and take the following form:

Ut,i =
√

−ln(r5)sin(2πr2)UVMP,Tsurf
(3.18)

Er = −ln(r6)kbTsurf (3.19)

v′ = −ln(r7)Tsurf/Tv (3.20)

where UVMP,Tsurf
is the most probable speed for a gas at the surfa
e temperature.

The di�eren
e in the kineti
 and internal energy of the parti
le before and after its


ollision with the surfa
e is the net energy ex
hanged with the surfa
e. Adding the

energy ex
hanges of all parti
les over a unit surfa
e surrounding a lo
ation during

unit time gives the heat �ux at the given lo
ation.

3.3.4 Collision Module

Simulating 
ollisions in the �ow is the most 
riti
al part of the entire DSMC algorithm.

For the transport properties to be 
al
ulated a

urately, a parti
le in a given 
ell 
an
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ollide only with another parti
le from the same 
ell. The 
ollision module for all 
ells


onsists of three parts:

• The number of pairs of parti
les (NT ) in a 
ell that need to be 
he
ked for possible


ollision is 
al
ulated using the No Time Counter (NTC) method (Equation 2.2,

Chapter 2).

• Two di�erent parti
les are randomly 
hosen from the list of parti
les belonging to

one 
ell. On
e 
hosen, the same pair of parti
les is not 
onsidered again in the

same time-step. The value of total 
ollision 
ross-se
tion (σT ) is 
al
ulated using

the Variable Hard Sphere (VHS) method.

σT = πd2ref(
2kbTref
µcr

)
ω

Γ(2−ω)
(3.21)

where µ is the redu
ed mass. A random number (R) is 
ompared with the ratio of

the produ
t of the total 
ollision 
ross-se
tion and relative speed ((σT cr)) and the

maximum value of the produ
t of the total 
ollision 
ross-se
tion and relative speed

((σT cr)max). If

R <
(σT cr)

(σT cr)max

(3.22)

then the pair of parti
les is said to undergo 
ollision. Initially ((σT cr)max) is set to a

referen
e value equal to the produ
t of hard sphere (HS) total 
ollision 
ross-se
tion

(πd2) and most probable speed. As the iterations progress, the value of ((σT cr)max)

is updated whenever

(σT cr) > (σT cr)max (3.23)

• The post 
ollision velo
ity of the two parti
les (say 1 and 2) are 
al
ulated using

the VHS formula. Velo
ity of the parti
le is divided into two 
omponents: 
entre of

mass velo
ity (Ucm) and relative velo
ity (Ure).

Ucm,i =
µU1,i

m2

+
µU2,i

m1

(3.24)

Ure,i = U2,i − U1,i (3.25)

where U1,i, U2,i denote the i
th

omponent of velo
ity of parti
le 1 and 2 respe
tively.

The 
entre of mass velo
ity remains un
hanged during a 
ollision. In VHS model,

the dire
tion of the relative velo
ity is revised by randomly sampling a new solid

angle. The post-
ollision relative velo
ity takes the following form:

Ure,u = (2r8 − 1) cr (3.26)
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Ure,v =

√

1− (2r8 − 1)2cos(r9)cr (3.27)

Ure,w =

√

1− (2r8 − 1)2sin(r9)cr (3.28)

where r8 and r9 are random numbers between 0 and 1, and cr is the magnitude of

the relative velo
ity or relative speed. The �nal velo
ities of the two parti
les is:

U1,i = Ucm,i + µUre,i/m1 (3.29)

U2,i = Ucm,i − µUre,i/m2 (3.30)

Polyatomi
 parti
les ex
hange inelasti
 energies and this is implemented in DSMC

using the Larsen-Borgnakke (LB) model. A

ording to this model, only a fra
tion of 
ol-

lisions further undergo internal energy ex
hange. The serial implementation of LB model

is the standard way of handling the inelasti
 energy ex
hange where the rotational and

the vibrational energy of the two parti
les are updated one after the other. Temperature

dependent rotational relaxation number is 
omputed using Equation 2.6, Chapter 2. If a

random number (r10 between 0 and 1)

r10 < Zrot (3.31)

then the rotational energy of the �rst parti
le is updated in the following manner. The

relative translational energy (ET ) and the rotational energy (ER) of the �rst parti
le are

added to get the total energy (Etot). The new ET and ER after the inelasti
 energy

ex
hange take the following form:

ET =
(

1− a
1

2−ω

)

Etot (3.32)

ER =
(

a
1

2−ω

)

Etot (3.33)

This is followed by 
al
ulating vibrational relaxation number (ZV ) using Equation 2.7,

Chapter 2. A random number is 
ompared with ZV to 
he
k the 
ondition in the same way

as the 
ondition involving ZR. If the 
ollision undergoes vibrational energy ex
hange, rel-

ative translational energy (ET ) and vibrational energy (EV ) of the �rst parti
le are added

to get the total energy (Etot). Maximum possible vibrational level (v′max) 
orresponding

to energy less than the Etot value is 
al
ulated as:

v′max = ⌊ Etot

kbTV
⌋ (3.34)
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Post 
ollision vibrational level (v′) is randomly 
hosen (v′ <= v′max). A random number

(r11) is 
ompared with the following fra
tion (v′prob):

v′prob =
(

1− v′kbTv
Etot

)1−ω

(3.35)

Until the following 
ondition

r11 < v′prob (3.36)

is not satis�ed, a new post 
ollision vibrational level is 
hosen. The �nal vibrational and

translational energy after the 
ondition is satis�ed is equal to:

EV = v′kbTv (3.37)

ET = Etot − EV (3.38)

This pro
edure is repeated for the se
ond parti
le if it is polyatomi
.

3.3.5 Chemi
al Rea
tion Modelling

A 
ollision may result into a rea
tion when the total 
ollision energy is greater than the

a
tivation energy required for the rea
tion. The algorithm of the rea
tion modelling is

outlined in Figure 3.5. The manner in whi
h rea
tive 
ross-se
tion is 
al
ulated is the

basis of various 
hemi
al rea
tion models in DSMC. One of most widely used 
hemi
al

rea
tion model, the Total Collision Energy (TCE) model, employs an analyti
al form

of 
ross-se
tion with pre-
al
ulated parameters spe
i�
 for a rea
tion. The formulation

and limitations are detailed in Chapter 2. In 
ontrast, the rea
tive 
ross-se
tion in the

ab-initio based 
hemi
al rea
tion model is obtained from a database generated using the

QCT method. The TCE 
ross-se
tion is a single variable fun
tion that employs the sum

of the translational, rotational and vibrational energies or total 
ollision energy as the

input, whereas the ab-initio based rea
tion 
ross-se
tion is a multi-variable fun
tion and

requires three inputs namely translational energy, rotational level, and the vibrational

level. The TCE 
ross-se
tion is 
al
ulated using Equation 2.10 (Chapter 2) whereas the

ab-initio based 
ross-se
tion will use an interpolating fun
tion �tting the 
ross-se
tions

generated by the QCT method. The ratio of the rea
tive 
ross-se
tion to the total 
ollision


ross-se
tion is de�ned as rea
tion probability. A random number is sampled between 0

and 1. If this random number is less than the rea
tion probability, the 
ollision results in

a rea
tion.
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Figure 3.5: Flow
hart for 
hemi
al rea
tion modelling in DSMC.

3.3.6 Domain and Boundary Conditions

The geometry of the re-entry vehi
le is normally pla
ed at the 
entre of an appropriately

sized domain. The side fa
ing the nose of the re-entry vehi
le is the inlet side. After every

time-step, new parti
les are initialized at this inlet side and moved with the re-entry speed

towards the obje
t. The number of DSMC parti
les introdu
ed at the inlet side is equal

to:

Nin =
nAU∞∆t

Z
(3.39)

where A is the area of the inlet side (in 2D simulation, A=length of the side). The integer

part of this quantity is the number of parti
les entering the inlet side. The remainder

quantity is 
arried forward to the next time step and added to the new Nin. In 
ase of

multi spe
ies simulation, Nin is a ve
tor instead of a s
alar quantity and is 
al
ulated

using the spe
ies number density (ns).

Va
uum boundary 
onditions are employed at the remaining surfa
es. Generally, the

ambient pressure is so low that only a few parti
les manage to enter the domain from

the remaining surfa
es. Further, these parti
les have negligible or negative 
omponent of

thermal velo
ity normal to these surfa
es. The parti
les entering through the inlet side

dominate the �ow in the domain and sweep these few number of parti
les that manage to
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enter through the remaining surfa
es out of the domain. The parti
les entering through

the remaining surfa
es have no e�e
t on the surfa
e properties of the re-entry vehi
le and

hen
e 
an be ignored from the simulations altogether. The 
omputational domain and

the various boundary 
onditions are shown in Figure 3.6

Figure 3.6: Domain and Boundary Conditions.

3.3.7 Sampling Pro
edure

DSMC algorithm utilizes mi
ros
opi
 quantities of the parti
les. However, it is the ma
ro-

s
opi
 quantities in the �ow domain and on the surfa
e that help in understanding physi
s

better and in designing aspe
ts. It is obvious that the 
al
ulation of ma
ros
opi
 quanti-

ties based on information of a few parti
les in a single iteration will lead to high s
atter

and unreliable results. Hen
e, for better statisti
s and to redu
e s
atter, the parti
le in-

formation in any 
ell is a

umulated over a large number of time steps. Standard kineti


theory formulations are used to 
al
ulate various quantities su
h as pressure, density,

di�erent modes of temperature, Ma
h number and Velo
ity.

3.4 Summary

New PESs are generated using the MolCAS Ab-initio Pa
kage. The details regarding its


onstru
tion, 
omputational e�ort and results are presented in the next Chapter. The in-

house parallelized QCT method 
ode employing these PESs is run to obtain a 
ross-se
tion

database for the various rea
tions in air 
hemistry. The data-�tting te
hnique, 
ross-

se
tion results and 
omparison with equilibrium rea
tion rate 
oe�
ients are explained

in Chapter 5. Finally, the 
ross-se
tion database is employed in the in-house 3D parallel
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DSMC 
ode to study non-equilibrium hypersoni
 �ows around re-entry vehi
les. The

details of the simulations and a 
omparative study between the 
hemi
al rea
tion models

is 
arried out and the results and 
on
lusions are des
ribed in Chapter 6.



Chapter 4

Development of New Potential Energy

Surfa
e

New PESs for O3, O4, N3 and N4 systems are 
onstru
ted using Complete A
tive Spa
e

Self-Consistent Field (CASSCF) and Complete A
tive Spa
e Perturbation Theory at se
-

ond order (CASPT2) methods. CASSCF and CASPT2 involve 
al
ulation on a subset

of all orbitals known as the a
tive spa
e. All 
al
ulations are performed using university

edition MolCAS 8.0[93, 94, 95℄ 
omputational 
hemistry pa
kage.

4.1 O3 PES

A new PES[85℄ is 
onstru
ted that employs the CASSCF method to a

ount for the stati



orrelation followed by the CASPT2[96℄ method to 
al
ulate the dynami
 
orrelation. The

advantage of CASPT2 is its ability to handle 
omplex systems with pra
ti
able 
omputa-

tional 
ost. However, CASPT2 
annot be used as a bla
k box method and needs 
areful


onsideration while 
hoosing the appropriate a
tive ele
trons and a
tive spa
e[25℄. Di�er-

ent 
ombinations of a
tive ele
tron (e) and a
tive orbitals (o) (12e/9o, 12e/7o, 12e/12o,

18e/15o, 18e/12o) for a small portion of the PES near the transition region were tested,

and it was found that the PES with 12 a
tive ele
trons 
onsisting of only 2p orbitals of all

O atoms and nine a
tive orbitals was reasonably a

urate and 
omputationally inexpen-

sive. It has been noted that the proposition of pla
ing only 2p orbitals for su
h systems as

a
tive orbitals is a

eptable. Previous PESs also use the same a
tive spa
e. A augmented


orrelation-
onsistent polarized valen
e triple zeta (aug-

-PVTZ) basis set is employed.

Di�erent points on the O3 PES are expressed in a 
oordinate system (shown in Figure

4.1) 
omprising of the distan
e between the pair of atoms forming the mole
ule (R1), dis-

tan
e between the third atom and one of the atoms of the mole
ule (R2) and the in
luded

angle (θ). Let R3 be the length of the third side of the triangle. The distan
es R1 and R2

45
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Figure 4.1: S
hemati
 diagram of the 
oordinate system

are varied from 0.7 Å to 9.0 Å with more points 
lustered around the equilibrium bond

distan
e of O2 (1.208Å). θ is distributed evenly between 0 and π in in
remental steps of

12

◦
. The various 
ombinations of R1-R2-θ add up to a total of 15376 points. All 
al
ula-

tions were performed parallel on Intel Xeon Phi pro
essor and the total 
omputation 
ost

was 1152 CPU hours.

Table 4.1: Comparison of parameters with existing PES for O3 system

Geometry

Minima type C2v D3h

R(Å) θ R(Å)
Müller[44℄ 1.27 117.2 1.438

Experiment[46℄ 1.272 116.8

Dawes [52℄ 1.271 116.8 1.436

Present 1.282 114.8 1.449

Energy Di�eren
es (k
al/mol)

E(C2v)-E(D3h) E(C2v)-E(O2)

-E(O)
Müller[44℄ -29.5 -24.5

Experiment[46℄ -26.1

Dawes [52℄ -30.75 -26.7

Present -34.4 -23.4

Ab-initio 
al
ulations have shown that the O3 system has a 
hara
teristi
 open minima

(C2v) and ring minima (D3h). The existen
e of the ring minima is yet to be substantiated

using experiments. The value of energy separation between the two minima and the dis-

so
iation barrier of ozone (C2v) form to O2 + O and the atomi
 
on�guration of the open

and ring minima are presented and 
ompared with other 
omputational and available ex-
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Figure 4.2: Detailed O3 topography by 
onstraining one of the three parameters (R1, R2,

θ). Sub �gure a) and b) show the stru
ture at a �xed in
luded angle of 60

◦
and 116.8

◦

respe
tively. Sub �gure 
) and d) show the 2D topography at �xed R1 = 1.164196 Å and

1.4499532 Å respe
tively. Referen
e energy for the PES E(O2+O)=119.2 k
al/mol.

perimental referen
es in Table 4.1. The generated O3 PES is within reasonable limits of

the experimental values and existing 
omputed values. Di�erent two-dimensional 
ontour

plots by �xing one of the three variables give us a visual insight in the topography of the

PES, as depi
ted in Figure 4.2. Figure 4.2 a) and b) shows the 
ontour plots with bond

lengths (R1 and R2) as axes and �xing the in
luded angle at 60

◦
and 116.8

◦
respe
tively.

The adja
ent 
ontour lines have a di�eren
e of 5 k
al/mol. Figure 4.2 a) and b) shows the

ring minima and open minima respe
tively. Contour plots in Figure 4.2 
) and d) show

the stru
ture of PES with �xed R1 distan
e and varying in
luded angle. The stationary

points at 37

◦
and 117

◦

orrespond to two of the three open minima and the point at 60

◦

in Figure 4.2 d) 
orresponds to the ring minima. The transition state between the C2v

and D3h lies at around 75

◦
.
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Figure 4.3: Optimized energy pro�le in C2v symmetry for O3 system. Di�erent points


orresponding to D3h, C2V , TS, lo
al minima and maxima (M1 and M2) are demonstrated

on the energy pro�le. Referen
e energy for the PES E(O2+O)=119.2 k
al/mol.

The variation of energy with in
luded angle (θ) for C2v 
on�gurations with relaxed

bond length is shown in Figure 4.3. In addition to the 
hara
teristi
 minima C2v and D3h

points, the transition point (R1=R2=1.4 Å, θ =75◦), lo
al minima M1 (R1=R2=3.2 Å,

θ =24◦) and lo
al maxima (R1=R2=1.8 Å, θ =44◦) are demonstrated in the energy pro�le.
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Figure 4.4: Variation of energy (w.r.t. to disso
iation threshold) along the minimum

energy path (ρ) for ozone disso
iation O3 → O2 + O.Referen
e energy for the PES

E(O2+O)=0 k
al/mol

The present PES is 
onstru
ted with the purpose of studying oxygen disso
iation.

However, the surfa
e involved in analyzing ozone disso
iation is a subspa
e of the present

global PES. Hen
e, all appropriate features involved in the MEP of ozone disso
iation

should have a reasonable mat
h with previous works. Many authors have found that the

minimum energy path for disso
iation of ozone has an unusual reef stru
ture as a result
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of an avoided interse
tion with a higher ele
troni
 state. As seen in Figure 4.4, the sub-

merged reef and van der Waal minima are observed along the minimum energy path. The

submerged reef is lo
ated at R1=1.26 Å, R2=2.32 Å and at a depth of 1.194 k
al/mol

below the disso
iation threshold. The van der Waals minimum is lo
ated at R1=1.248 Å,

R2=3.19 Å and at a depth of 1.954 k
al/mol below the disso
iation threshold. Tyuterev

et.al.[49℄ and Dawes et.al. [51, 52℄ have reported PESs with and without the reef stru
-

tures in their MEP. The PESs without reef stru
ture employ spin orbit 
orre
tion whi
h

has not been in
luded in the present work.

In addition to these features, the present PES estimates a

urately the disso
iation

energy for oxygen mole
ule at 119.2 k
al/mol (experimental value 119.14 k
al/mol) .

The lowest vibrational frequen
ies for the symmetri
, bending and antisymmetri
 stret
h

modes are 1109.36 
m

−1
, 699.99 
m

−1
and 1048.68 
m

−1
respe
tively. The 
orresponding

experimental results[49℄ for the modes are 1103.14 
m

−1
, 700.93 
m

−1
and 1043.9 
m

−1

respe
tively and as 
an be observed the values are a good mat
h.

4.2 N3 PES

Paukku et al.[83℄ have 
onstru
ted a highly a

urate global PES for the N4 system, wherein

they 
al
ulated energies for a total of 16380 
on�gurations points for various mole
ular

arrangements of N4. They have 
hosen 12e/12o (12 ele
tron, 12 orbital) a
tive spa
e

for the CASSCF method and Dunning style augmented 
orrelation-
onsistent polarized

(maug-

-pVTZ) as the basis set. Di�erent mole
ular arrangements for N4 systems were


onsidered in 
onstru
ting the PES. The PES for the 
urrent N3 system is drawn as a

subset of this N4 global PES.

Paukku et al.[83℄ have provided a six dimensional global least square �t for the N4

system. Using a six dimensional surfa
e �t for the N3 system is unne
essary and 
omputa-

tionally expensive. Instead, various points have been obtained for di�erent N3 
on�gura-

tions from the N4 global �t and a three dimensional least square �t has been 
onstru
ted.

Quasi-
lassi
al Traje
tories using the six-dimensional N4 analyti
al �t need six times more


omputational time than that required for traje
tories using the three dimensional N3 an-

alyti
al �t (initialized at same 
onditions). The 
omputational gain of using the three

dimensional analyti
al �t over the six dimensional �t is obvious.

An N3 data point 
an be visualized as an N4 
on�guration with one of the four atoms

at a far away distan
e from the other three atoms so that it has no in�uen
e on the po-

tential of the N3 system. The energy for ea
h 
on�guration is 
al
ulated using the global
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Figure 4.5: 2D Contour plot of N3 PES with �xed in
luded angle at 119

◦
and varying

R1-R2 depi
ting the transition state and the well stru
ture. Referen
e energy for the PES

E(N2+N)=228.7 k
al/mol.

least square �t[83℄. Various 
on�gurations of the N3 system are 
hosen in the same man-

ner as the ones for the O3 system (dis
ussed in the previous se
tion). The only point of

di�eren
e between the two sets of 
on�gurations is that points for N3 are more 
lustered

near the equilibrium distan
e of the N2 bond length (=1.098Å).

Table 4.2: Comparison of parameters with existing PES for N3 system

rA(Å) rB(Å) θ(◦) ∆E(k
al/mol)

wrt N2 +N
Transition State

Present 1.18 1.48 119 47.12

Wang[60℄ 1.184 1.491 117 47.2

Gar
ia[57℄ 1.174 1.505 116 47.0

Galv	ao[97℄ 1.18 1.46 119 45.9

Well

Present 1.262 1.262 120 44.66

Wang[60℄ 1.27 1.27 117 43.7

Gar
ia[57℄ 1.268 1.268 119 44.5

Galv	ao[97℄ 1.25 1.25 119 42.6

The N3 PES 
onstru
ted is a

4A′′
state. The value of the disso
iation energy is 228.7

k
al/mol and is in good mat
h with the experiments (228.47 k
al/mol). Table 4.2 shows

the 
omparison of the position and the energy (relative to the well) of the double barrier

transition state between the present and previous PESs. Figure 4.5 shows the two dimen-

sional 
ontour plot with a �xed in
luded angle (θ = 120◦) and variable R1 and R2. The
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symmetri
al transition points and the shallow well are all visible in the 
ontour plot. The

shallow well is lo
ated at R1=R2=1.262 Å and θ = 120◦. The double barrier transition

state geometry is symmetri
al about the R1=R2 line and lo
ated at R1 = 1.18 Å, R2 =

1.48 Å and (θ = 119◦) at a height of 47.12 k
al/mol. The di�eren
e between the shallow

well and the transition states is 2.45 k
al/mol. The a

ura
y of the 
hara
teristi
 points

of the N3 PES is within reasonable limits[60, 57, 97℄ and this goes to show the robustness

of the global N4 PES.
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Figure 4.6: Optimized energy pro�le in C2v symmetry for N3 system. Di�erent points


orresponding to D3h, C2V , TS, lo
al minima and maxima (M1 and M2) are demonstrated

on the energy pro�le. Referen
e energy for the PES E(N2+N)=228.7 k
al/mol.

Similar to the O3 system analysis, the variation of energy with in
luded angle (θ) for

C2v 
on�gurations with relaxed bond length for N3 system is shown in Figure 4.6. In ad-

dition to the 
hara
teristi
 minima C2v and D3h points, the transition point (R1=R2=1.4

Å, θ =75◦), lo
al minima M1 (R1=R2=3.2 Å, θ =24◦) and lo
al maxima (R1=R2=1.8

Å, θ =44◦) are demonstrated in the energy pro�le.

4.3 O4 PES

A total of

NC2 variables are required to de�ne a 
onstrained N parti
le system. A ge-

ometri
 
on�guration, or simply 
on�guration, is an arrangement of N atoms in three

dimensional spa
e. This 
on�guration is a point on a

NC2 dimensional PES. The problem

of determining points on the surfa
e is similar to grid generation in the

NC2 spa
e. A


ommon way of generating a grid is by dis
retization of the domain in the N

th
i dimension

into ni 
ells. The total number of points or 
on�gurations using this dis
retization is:

M =

NC2
∏

i=1

ni (4.1)
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Figure 4.7: Representation of a 4 atom system using the a) (R1, R2, d, θ, φ, ψ) and b)

R1, R2, R3, θ1, θ2 and ψ 
oordinate systems.

With in
rease in the number of dimensions, the number of 
on�gurations or points

required to 
over the spa
e and the 
omputational 
ost asso
iated with 
al
ulating the

energy at ea
h point in
reases sharply. A four atom system is six-dimensional in nature

and just ten grid points for ea
h dimension adds up to a total of one million geometries.

It is not pra
ti
al and also not ne
essary to 
onstru
t su
h a dense surfa
e. Instead, an

alternative s
heme to sele
t points on the PES that are distributed randomly a

ording

to simple probability distributions is suggested in this se
tion. The aim of su
h a s
heme

is to get the 
orre
t topography of the system using fewer points.

Four sides and two diagonals of the quadrilateral 
onstru
ted by the four points forms

a simple six dimensional 
oordinate system (R1-R6 
oordinate system). The formulation

for the distan
es (R1-R6) is as follows:

R1 = |−→p1 −−→p2 | (4.2)

R2 = |−→p1 −−→p3 | (4.3)

R3 = |−→p1 −−→p4 | (4.4)

R4 = |−→p2 −−→p3 | (4.5)

R5 = |−→p2 −−→p4 | (4.6)

R6 = |−→p3 −−→p4 | (4.7)

where

−→p1 , −→p2 , −→p3 and

−→p4 represent the Cartesian 
oordinates for the four Oxygen atoms

in three dimensional spa
e. It is easier to work with a 
oordinate system formed using

two opposite sides (R1 and R2), distan
e between the 
entres of the opposite sides (d),
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the angle subtended by the side of length d with the side of length R1 (θ) and pair of

azimuthal and polar angles (φ and ψ) subtended by the side represented by distan
e

R2. A pi
torial representation of this 
oordinate system is shown in Figure 4.7 a. R1

and R2 are the interatomi
 distan
es between the pair of atoms that form the undisso-


iated diatomi
 mole
ules when their values 
orrespond to bound states of the diatomi


mole
ules. Points generated for O4 PESs in the present work are determined using this


oordinate system. Another 
oordinate system for the four atom system (A4) used in

previous works[76, 78℄ 
omprises of bond lengths R1, R2 and R3 between atoms A1-A2,

A2-A3 and A3-A4 respe
tively, valen
e angles
6
A1A2A3 and

6
A2A3A4, θ1 and θ2, and di-

hedral angle φ. Pi
torial representation of this 
oordinate system is shown in Figure 4.7 b.

Following the 
hoi
e given in Figure 4.7 a, the values of R1, R2, d, θ, φ, ψ are 
ho-

sen using random numbers sampled from an appropriate probability distribution. The


hoi
e of the probability distribution fun
tion and its parameters is heuristi
 and infor-

mation gathered from previously reported surfa
es for similar systems assist in making

these 
hoi
es. Observations about the PESs for the 
orresponding two body (O2) and

three body (O3) surfa
es are used in this pro
ess.

The part of the topography of the surfa
e where all its atoms are separated by large

distan
es from ea
h other is generally uninteresting. Similarly, 
on�gurations with two

pairs of atoms forming mole
ules that are separated by a large distan
e also fall in the

same 
ategory. It is apparent that performing 
omputations at many su
h points is redun-

dant. It is desirable that fewer 
on�gurations of su
h type are in
luded in 
onstru
ting

a PES. Similarly, the potential energy 
urve of a diatomi
 mole
ule generally has a �nite

well and asymptotes to a 
onstant value at large interatomi
 distan
es. It is obvious that

for su
h systems, the grid 
onstru
ted should be 
lustered around the well and minimal

beyond the disso
iation limit. This prin
iple is valid for the 
oordinates for the distan
es

(R1, R2, d) of the four body system.

The distribution should preferably be bounded in nature as the potential energy 
urve

asymptotes as the distan
es in
rease. An unbounded distribution with a 
ap 
an also

be 
onsidered. In the present work, the values of the distan
es R1, R2 and length d are

sampled using the beta distribution. The beta distribution is a 
ontinuous two parameter

distribution supported on a bounded interval. The probability density fun
tion (pdf) for

the beta distribution has the following form:

f(x : α, β) =
Γ(α+ β)

Γ(α)Γ(β)
xα−1(1− x)β−1

(4.8)

where α, β are parameters also known as shape parameters su
h that α, β > 0 and Γ(x)
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Figure 4.8: Probability density fun
tion for beta distribution for di�erent shape param-

eters α and β.

is the gamma fun
tion. Figure 4.8 shows the probability density fun
tion for the beta

distribution for di�erent shape parameters. As 
an be observed from Figure 4.8, the ad-

vantage of using the beta distribution is that a wide range of shapes of the distribution


an be 
overed with two simple parameters. A suitable 
hoi
e of the parameters allows

extensive �exibility. This is the prime reason for 
hoosing the beta distribution as an

appropriate probability distribution fun
tion.

The parameters of the beta distribution used in generation of the O4 PES are de-

termined using the knowledge of the O2 potential energy 
urve. The parameters are set

su
h that the peak of the beta distribution 
oin
ides with the peak of the gradient of

the potential energy 
urve of the O2 mole
ule. A 
omparison of the gradient of the O2

potential 
urve and the beta distribution with parameters (α = 1.3, β = 14.8) is shown

in Figure 4.9. The values have di�erent units and s
ales, and hen
e these are normalized

with respe
t to the maximum value in the interval of (0.6,15.0). It is possible to 
hoose

the parameters su
h that the two 
urves 
oin
ide in the full domain. However, it is ob-

served that the stationary points on the O3 surfa
e are lo
ated with interatomi
 distan
es

higher than equilibrium interatomi
 distan
e. The D3h has an equilateral triangular shape

with the sides equal to 1.45 Å[85℄. The parameters are 
hosen for a broader distribution

with a fa
tor of safety of 2 i.e., the beta distribution 
urve asymptotes at roughly twi
e

the distan
e at whi
h the gradient asymptotes to zero. The following paragraphs have

a 
omprehensive 
omparison of the topography of the new PES with previous surfa
es

and it will be 
on
luded that even with su
h a high fa
tor of safety, the present surfa
e

reprodu
es the important features of the O4 topography.



4.3. O4 PES 55

1 2 3 4 5 6
R

0.0

0.2

0.4

0.6

0.8

1.0
(∂VO2

/∂R)/max(∂V/∂R)

Beta function: f(x)/max(f(x))

Figure 4.9: Normalized Probability density fun
tion for beta distribution and normalized

gradient of the Potential Energy Curve of O2 diatomi
 mole
ule.

A large database of random numbers is sampled from the beta distribution fun
tion

in the interval for 0.6 < x < 15.0 with parameters α = 1.3 and β = 14.8. In the present

work, the same set of parameters are used for R1, R2 and d variables. The domain is

divided into �ve intervals with 
ell length equal to 0.5 Å, 0.4 Å, 0.5 Å, 3.0 Å and 10.0 Å

respe
tively. A total of 125 
ells are 
onstru
ted in three dimensions formed by R1, R2

and d. Thirty sets of R1, R2 and d are sampled randomly for ea
h of the 125 
ells from

the generated beta distribution database. For ea
h su
h set of points, the values of the

angular 
oordinates θ, φ and ψ are sampled randomly from a uniform distribution with

limits 0 < θ < π/2, 0 < φ < 2π and 0 < ψ < π.

In addition to the total 4250 points, two more sets of points are also 
onsidered. The

�rst set is 
onstituted of 500 additional points with the value of length R1 �xed at the

equilibrium value 1.208 Å. The se
ond set 
onsists of 250 points with both the values of

lengths R1 and R2 �xed at their respe
tive equilibrium values. These sets are added to

improve the quality of the �t near the equilibrium bond length. An extra 250 points for

the O3 + O 
on�guration are also added to these using data 
al
ulated in the previously


onstru
ted O3 PES[85℄. A total of 5250 points are generated for the O4 system.

As mentioned above, in the present work, the same set of parameters are used for

sampling R1, R2 and d 
oordinates. For hetero-mole
ular systems, the parameters 
ould

be di�erent for di�erent 
oordinates. In the 
ase of H2O2, R1 is the interatomi
 distan
e

between the two hydrogen mole
ules, and R2 represents the O2 interatomi
 distan
e. A

re
ommended set of values for beta parameters for R1 is α = 1.5 and β = 4.7 so that

the peak of the normalized beta distribution 
oin
ides with the peak of the gradient of

the potential energy 
urve for H2 mole
ule. In 
ase of R2, the same parameters as used
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in the present paper 
an be employed. In the 
ase of CO-CO intera
tion on C2O2 PES,

the beta parameters for R1 and R2 (interatomi
 distan
e between Carbon and Oxygen)

should be roughly equal to α = 1.4 and β = 8.9 in the interval (0.7, 10.0).

In addition to the O4 PES, the point generation s
heme is used to 
onstru
t a global

ground state N4 PES. The parameters used for N4 PES are α = 1.4 and β = 13.0. The


omparison of this PES with the state of the art N4 PES by Paukku et al.[83℄ serves as a

good validation for the reported point generation s
heme.

Multireferen
e se
ond order perturbation theory, CASPT2 is used to a

ount for dy-

nami
al 
orre
tions following the Complete A
tive Spa
e Multi
on�guration SCF (CASSCF)

method. Paukku et al.[79℄ have performed 
al
ulations using dynami
ally weighted[98℄

state averaged CASSCF and Multi State CASPT2. The present PES is generated using

single state CASSCF-CASPT2. The 
hoi
e of a
tive spa
e is 
riti
al[25℄ for CASSCF. An

a
tive spa
e of 16 ele
trons 
omprising of only 2p orbitals of the four nitrogen atoms and

12 orbitals is used and a level shift equal to 0.4 is used to avoid a problem known as the

intruder state problem. In 
ase of systems with 
losely spa
ed higher ele
troni
 states, it

is possible that the solution 
onverges to a value on another ele
troni
 state instead of

the ground state. This is known as the intruder state problem. Augmented 
orrelation-


onsistent polarized valen
e triple zeta basis set (aug-

-PVTZ) is 
hosen for 
al
ulations.

All 
al
ulations are performed using university edition MolCAS 8.0[93, 94, 95℄ 
omputa-

tional 
hemistry pa
kage. The total 
omputational time for the 5000 points running in

parallel on Intel Xeon workstation was 23000 CPU hours.

Permutationally invariant global least square �t using monomial symmetrization ap-

proa
h [99℄ is used to �t the data. The 
oordinates are 
hanged from the (R1, R2, d, θ,

φ, ψ) 
oordinate system to R1-R6 
oordinate system. The variables (ri ∈[R1,R2,...,R6℄)
are 
onverted into Mixed Exponential Gaussian (Xi) and take the following form:

Xi = e
re−ri

ae
+

(re−ri)
2

be
(4.9)

where re is the equilibrium bond length (re = 1.208 Å) and ae and be are non linear

parameters (ae = 0.9 Å and be = 4 Å

2
). The symboli
 expression for the �t is given by:

V =

M
∑

m=0

S[Xa
1X

b
2X

c
3X

d
4X

e
5X

f
6 ] (4.10)

where S is the symmetrization operator and a, b, c, d, e, f are indi
es su
h that a+ b+ c+

d + e + f = m and M is the order of polynomial. In the present work, the highest order
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Figure 4.10: Comparison of the O4 PES using the present point generation s
heme with

Paukku et al.[79℄ for a) H shaped O4 atomi
 
on�guration for a �xed R1 = 1.098 Å,

θ = 90◦, φ = 0◦, ψ = 90◦ at di�erent R2 and d, b) X shaped O4 atomi
 
on�guration for

a �xed R1 = 1.098 Å, θ = 90◦, φ = 0◦, ψ = 0◦ at di�erent R2 and d.

(M) is set to 9. The total number of 
oe�
ients for the O4 global �t using the monomial

symmetrization approa
h is 306. The quality of the �t is shown in Table 4.3. The mean

unsigned error (MUE) and the root mean square errors (RMSE) for di�erent intervals of

the energies depi
t that the �t mat
hes well with the CASPT2 
al
ulations.

The 
omparison of the permutationally invariant global least square �t for the O4 sys-

tem reported in the present work with the global ground state PES reported by Paukku

et al.[79℄ for H and X shaped mole
ular arrangements is shown in Figure 4.10. In the H

shaped arrangement, the two pairs of atoms are pla
ed parallel to ea
h other in the same

plane resembling the letter H. R1 is �xed to equilibrium distan
e (R1 = 1.208 Å). The

values of the angular 
oordinates are �xed at θ = 90◦, φ = 0◦, ψ = 90◦. In 
ontrast to

the H shaped arrangement, the X shaped arrangement is su
h that two pairs of the atoms

are perpendi
ular to ea
h other and do not share any 
ommon plane. The values of the

Table 4.3: Mean unsigned error (MUE) and root mean square errors (RMSE) of the

analyti
al �t with the CASPT2 PES for O4 system.

(k
al/mol) RMSE MUE

E<240 0.97 0.92

240<E<500 5.10 2.89

500<E<1000 10.56 7.98

1000<E<2000 12.87 9.91

E>2000 14.72 10.27
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angular 
oordinates are �xed at θ = 90◦, φ = 0◦, ψ = 0◦. It is evident from Figure 4.10

that there exists a reasonably good mat
h between the two PESs.

In addition to the above arrangements, energies at the 5000 
on�gurations 
onstru
ted

using the point generation s
heme are 
al
ulated using the global �t reported by Paukku

et al.[79℄ and 
ompared with the 
orresponding energies 
al
ulated in the present work.

The mean unsigned errors and the root mean square errors for di�erent intervals are

shown in Table 4.4. The statisti
al analysis 
arried out here is similar to the analysis for


omparing the �t and PES dis
rete values (Table 4.3). The only point of di�eren
e is

that in table 4.4, the energies for the new O4 PES are 
ompared with the global �t of

the PES by Paukku et al. The values of the errors in Table 4.4 suggests that the new

PES mat
hes well with the PES reported by Paukku et al. at lower energies. However,

at larger energies, there is a noti
eable deviation. The global �t by Paukku et al. does

not in
lude points having energy greater than 2500 k
al/mol. The present PES has many


on�gurations (∼200) where the energies are greater than the value of this threshold. It

is obvious that the energies at su
h points 
al
ulated using the global �t by Paukku et

al. may not lead to 
orre
t answers. In addition to this, the 
omparison is not between

the ab-initio energies 
al
ulated by the two works. Rather, the 
omparison is between the

presently reported ab-initio energies with a global �t of ab-initio energies by Paukku et

al. The inherent errors in �tting the data by Paukku et al. also adds to this dis
repan
y.

In 
on
lusion, it 
an be 
laimed that the overall mat
h between the PESs is satisfa
tory

for most of the topography. This vindi
ates the validity of the des
ribed point generation

s
heme.

Two dimensional 
ontour plots for a six dimensional fun
tion requires limiting four


oordinates. Polar 
ontour plots in dimensions d and θ for O2-O2 dimer 
on�gurations

are shown in Figure 4.11. The interatomi
 distan
es R1 and R2 are �xed at equilibrium

bond distan
e (1.208 Å). One of the two dimers is symmetri
ally pla
ed on the x axis

Table 4.4: Mean unsigned error (MUE) and root mean square errors (RMSE) of the

analyti
al �t with the analyti
al �t by Paukku et al.[83℄.

(k
al/mol) RMSE MUE

E<240 3.13 1.87

240<E<500 4.17 2.91

500<E<1000 10.87 8.38

1000<E<2000 17.94 13.53

E>2000 32.72 27.83



4.3. O4 PES 59

0°

45°

90°

135°

180°

225°

270°

315°

1.01.5
2.02.5

3.03.5
4.0

a)

0°

45°

90°

135°

180°

225°

270°

315°

1.01.5
2.02.5

3.03.5
4.0

b)

0°

45°

90°

135°

180°

225°

270°

315°

1.01.5
2.02.5

3.03.5
4.0

c)

0°

45°

90°

135°

180°

225°

270°

315°

1.01.5
2.02.5

3.03.5
4.0

d)

b)

c)

d)

200

300

400

500

600

700

800

900

1000

Figure 4.11: Contour plots for di�erent geometri
 
on�gurations. Sub �gures a), b) and


) depi
t planar geometry and d) shows a non-planar geometry.

about the origin. The remaining two angular 
oordinates φ, ψ take the values (φ = 0

◦
, ψ

= π/2), (φ = π/4, ψ = π/2), (φ = π/2, ψ = π/2) and (φ = 0

◦
, ψ = 0

◦
) for Figure 4.11 a,

b, 
 and d respe
tively. Figures 4.11 a, b and 
 depi
t planar geometries and Figure 4.11

d 
hara
terizes a non-planar geometry.

The stationary points on the O4 surfa
e 
onsist of the O2-O2 dimer 
on�guration,

O2+O+O 
on�guration, C2v points for the singlet ozone in O3+O 
on�guration and tran-

sitions points for O4 geometry. The equilibrium bond length for the oxygen mole
ule at

O2-O2 stationary point as 
al
ulated using the global PES is 1.2091 Å. The experimental

data for the equilibrium bond length is 1.208 Å. It is apparent that adding extra points

to the pool of 
on�gurations for the ab-initio 
al
ulations with both or either of bond

length �xed at 1.208 Å results in the 
lose mat
h between the 
al
ulated value and the

experimental data. In addition to the bond length, the predi
ted value (120.1 k
al/mol) of

the bond disso
iation of oxygen mat
hes well with the 
orresponding experimental value

(119.2 k
al/mol).



60 CHAPTER 4. DEVELOPMENT OF NEW POTENTIAL ENERGY SURFACE

The 
hara
teristi
 points for the singlet O3 system, the open minima, are also observed

in O3+O 
on�guration. For the open minima or C2v geometry, the values of the inter-

atomi
 distan
e between O1-O2, O2-O3, and in
luded angle O1-O2-O3 are 1.22 Å, 1.28 Å

and 117

◦
respe
tively. [85℄.

The O4 system is known to exist in two main isomers: 
y
li
 and star-like isomer. The

transition point in the 
y
li
 isomer form is a planar square geometry with its side (Rc)

equal to 1.484 Å. Also the isomer is at energy (∆E) equal to 110.7 k
al/mol above the

O2 + O2 
on�guration. These values are in ex
ellent agreement with the 
orresponding

values (Rc = 1.482 Å and ∆E = 112.2 k
al/mol) reported by Paukku et al.[79℄. The star

like isomer 
an be des
ribed as a 
on�guration with one Oxygen atom at the 
entroid of

an O3 
omplex forming an equilateral triangle. At the transition point, the length joining

the 
entroid atom and any of the atoms of the triangle (Rs) is found to be 1.34 Å. Again

this value also mat
hes reasonably with the reported value (Rs = 1.29 Å). The variation

of energy with the values of Rc of the 
y
li
 geometry is shown in Figure 4.12.
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Figure 4.12: Variation of energy (k
al/mol) with Rc for 
y
li
 geometry where Rc denotes

the side of the square.

The non-planar 
y
li
 O4 mole
ule disso
iates to two O2 mole
ules through a C2 transi-

tion point. The minimum energy path has been a fo
us of many studies[100, 101, 102, 103℄.

The disso
iation energy or the heat of formation as well as the barrier height have been re-

ported using di�erent 
omputational 
hemistry algorithms su
h as Coupled 
luster meth-

ods (CISD, CCSD, CCSD(T)), and Multireferen
e Fixed Node di�usion Quantum Monte

Carlo (MR-FM-DMC) method. The geometry of the D2d and C2 stationary point and

respe
tive energy along the minimum energy path for the rea
tion O4 → 2O2 is depi
ted
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Figure 4.13: Minimum energy path for rea
tion O4 → 2O2. All distan
es and angles have

dimensions of Å and deg(

◦
) respe
tively. Energy is with respe
t to O2+O2.
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Figure 4.14: 2D 
ontour plot in the neighbourhood of the D2d stationary point as a

fun
tion of a) R12 and θ123 with θ1234=25.2
◦
and b) R12 and θ1234 with θ123=87.3

◦
. Energy

is with respe
t to O2+O2.

in Figure 4.13. The geometry of the D2d stationary point is des
ribed using interatomi


distan
e between adja
ent atoms R12 (=R23=R34=R14), in
luded angle θ123 and dihedral

angle θ1234. The neighbourhood of the D2d point is shown as two dimensional 
ontour

plots in Figure 4.14 by �xing one of the three 
oordinates. The geometry of the transition

point and the stable tetraoxygen are 
lose to the values reported in the literature[104, 101℄.

Further, 
omparison of the values of heat of formation and barrier height, tabulated in

Table 4.5, shows that the present surfa
e is within the a

eptable limits of a

ura
y.
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Table 4.5: Heat of formation and barrier height (O4 → 2O2).

Heat of formation Barrier Height

E(O4)-E(2O2)(k
al/mol) E(TS)-E(O4)(k
al/mol)

Present 99.87 6.82

CCSD(T)[101℄ 93.2 7.9

MR-FN-DMC[102℄ 98.5 ± 1.9 11.4 ± 1.6

4.4 N4 PES

In addition to the O4 singlet spin state PES, the point generation s
heme was used to


onstru
t a PES for the N4 system. The 
omparison of the new PES with the existing PES

by Paukku et al.[83℄ serves as an additional proof for the point generation s
heme. For the

N4 system, again Multireferen
e se
ond order perturbation theory (CASPT2) is used to

a

ount for dynami
al 
orre
tions following the Complete A
tive Spa
e Multi
on�guration

SCF (CASSCF) method. The 
hoi
e of a
tive spa
e is 
riti
al[25℄ for CASSCF. An a
tive

spa
e of 12 ele
trons 
omprising of only 2p orbitals of the four nitrogen atoms and 12

orbitals is used. Paukku et al.[83℄ have also used the same a
tive spa
e for the global

N4 system. Augmented 
orrelation-
onsistent polarized valen
e triple zeta basis set (aug-



-PVTZ) is 
hosen for 
al
ulations. The total 
omputational time for the 5000 points

running in parallel on Intel Xeon workstation was 12960 CPU hours.
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Figure 4.15: Comparison of the N4 PES using random point generation s
heme with

Paukku et al.[83℄ for a) H shaped N4 atomi
 
on�guration for a �xed R1 = 1.098 Å,

θ = 90◦, φ = 0◦, ψ = 90◦ at di�erent R2 and d b) a) X shaped N4 atomi
 
on�guration

for a �xed R1 = 1.098 Å, θ = 90◦, φ = 0◦, ψ = 0◦ at di�erent R2 and d.
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The 
omparison of the permutationally invariant global least square �t for the N4

system reported in the present work with the global ground state PES reported by Paukku

et al.[83℄ for H and X shaped mole
ular arrangements is shown in Figure 4.15. In H shaped

arrangement, the two pairs of atoms are pla
ed parallel to ea
h other in the same plane

resembling the letter H. R1 is �xed to equilibrium distan
e (R1 = 1.098 Å). The values

of the angular 
oordinates are �xed at θ = 90◦, φ = 0◦, ψ = 90◦. In 
ontrast to H shaped

arrangement, the pair of the atoms are perpendi
ular to ea
h other and do not share any


ommon plane in the X shaped arrangement. The values of the angular 
oordinates are

�xed at θ = 90◦, φ = 0◦, ψ = 0◦. It is evident from Figure 4.15 that there exists a

reasonably good mat
h between the two PESs. In 
on
lusion, the new N4 PES along with

the O4 PES serves a good validation for the new point generation s
heme.

4.5 Summary

The new PESs generated for O4, O3, N3 and N4 systems are the major 
ontributions

from this e�ort and along with existing PESs for N4, N2O2, N2O, NO2 represent the best

available PESs at present. These PESs are employed in the QCT 
ode to 
al
ulate the

rea
tive 
ross-se
tion databases.
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Chapter 5

Cross-se
tion Database

This 
hapter presents the 
ross-se
tion databases that are generated using the Quasi-


lassi
al Traje
tory (QCT) method employing the best available PESs. N3[85℄ and N4[83℄

PESs are used to 
al
ulate disso
iation 
ross-se
tions [85, 105℄ of a Nitrogen mole
ule


olliding with a Nitrogen atom and another Nitrogen mole
ule respe
tively. O3[85℄ and

O4[87, 79, 88℄ PESs are employed to generate the 
ross-se
tion database for Oxygen

disso
iation. NO2[67℄ and N2O[74℄ surfa
es are employed to 
al
ulate the ex
hange


ross-se
tion for Zeldovi
h rea
tions. N2O2[84℄ PES is used to generate the 
ross-se
tion

database for high energy N2-O2 
ollisions.

In 
ontrast to Nitrogen systems, the di�eren
es in the energies between the low ly-

ing ele
troni
 states and the ground state for Oxygen systems are small. Further, these

surfa
es may interse
t with ea
h other at several pla
es. In su
h 
ases, the 
ollision

may progress on either of the surfa
es. For instan
e, the singlet[87, 79℄, triplet [88℄ and

quintet[79℄ spin state O4 PESs are 
lose to ea
h other. Statisti
ally, 5/9 
ollisions o

ur on

the quintet surfa
e, 1/9 on the singlet, and 1/3 on the triplet surfa
e. In the present work,

the CID 
ross se
tions for O2-O2 
ollisions are 
al
ulated on the singlet surfa
e using the

PES developed by us, while the 
ross se
tions on the triplet and quintet spin state are


al
ulated using the PES by Paukku et al[79, 88℄. It is assumed that a 
ollision starting

on one surfa
e remains on the same surfa
e during the entire time of intera
tion. This

assumption is also known as the adiabati
 assumption. The 
ross-se
tions are 
al
ulated

for all three surfa
es separately and an e�e
tive disso
iation 
ross-se
tion is 
al
ulated.

Similarly, 
ross-se
tion 
al
ulations for the ex
hange rea
tions involving NO2 and N2O

systems are 
arried on two surfa
es ea
h:

2A′
and

4A′
for N2O, and

3A′
and

3A′′
for NO2

respe
tively.

In the next se
tion, a detailed explanation of a new 
ross-se
tion �tting s
heme is

presented along with its signi�
an
e and validation. This is followed with a dis
ussion on

65
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the results of the QCT simulations and analysis of the 
ross-se
tion databases. Finally,

the a

ura
y of the work is validated by 
omparing the rea
tion rate 
oe�
ients 
al
ulated

by integrating the rea
tive 
ross-se
tion databases with Maxwell-Boltzmann distribution

against the available experimental rea
tion rate 
oe�
ients at equilibrium 
onditions. In

addition to the equilibrium 
onditions, the 
ross-se
tion databases are expe
ted to work

well in non-equilibrium 
ases too.

5.1 Cross-se
tion �tting s
heme

5.1.1 Sele
tion of ro-vibrational level

Rea
tive 
ross-se
tion is a fun
tion of ro-vibrational levels and relative translational en-

ergy. The major problem in generating the 
ross-se
tion database is its data intensiveness.

As 
al
ulated using the WKB method, it is established that the numbers of ro-vibrational

levels of Nitrogen and Oxygen mole
ule are 9019 and 6094 respe
tively. In the rea
tion in-

volving N2-N2 and O2-O2 
ollisions, ensembles at
9019C2 and

6094C2 di�erent ro-vibrational


ombinations respe
tively have to be generated for a 
omplete database. It is obvious that

running ensembles at ea
h ro-vibrational 
ombinations is not pra
ti
able. Alternatively,


ross-se
tions are 
al
ulated using ensembles built at equispa
ed ro-vibrational 
ombina-

tions and at remaining levels, interpolation or data �tting is employed.

To redu
e the numeri
al load, the following �tting s
heme has been devised in the

present work. At the 
ore of the te
hnique is the 
onje
ture that at a given vibrational

level, the variation of the rea
tive 
ross-se
tion (σr) with the relative translational energy

(Etr) at di�erent rotational levels have a similar form. As the rotational number in
reases,

it is observed that the di�eren
e between the rea
tive 
ross-se
tion (σr(j + 1) − σr(j))

for a �xed relative translational energy in
reases. The di�eren
e in the energy between

two su

essive rotational levels also varies in a similar pattern. The proposed te
hnique

utilizes this observation and uses spe
tros
opi
 data for data �tting.

The �rst step is the sele
tion of appropriate ro-vibrational levels for whi
h the en-

sembles are generated. In the 
ase of atom-mole
ule rea
tions, ensembles are run at

zeroth and half the maximum rotational level for ea
h vibrational level. For instan
e,

ensembles are generated for the atom-mole
ule rea
tions involving the Nitrogen mole
ule

at v ={0,1,...55} and j = 0. In addition to the results at the zeroth rotational num-

ber, another bat
h of ensembles is run at half the maximum possible rotational number

(j = j(v)max/2). The pro
edure remains the same with an added 
omplexity due to non-

zero rotational quantum number. A similar pro
ess is 
arried out for the atom-mole
ule

rea
tions involving O2 and NO mole
ules. The only di�eren
e is the number of vibrational
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levels and the value of j(v)max/2.

In 
ontrast to the atom-mole
ule rea
tions, mole
ule-mole
ule rea
tions employ a

higher number of ensembles. For 
ases involving the 
ollision of the same mole
ular

spe
ies (N2-N2 and O2-O2), the ensembles are generated for di�erent values of relative

translational energies for the following 
ombinations of ro-vibrational levels:

• v1 = v2 = 0, 1, ..., vmax, j1 = j2 = 0,

• v1 = v2 = 0, 1, ..., vmax, j1 = jmax(v1)/2, j2 = 0, and

• v1 = v2 = 0, 1, ..., vmax, j1 = j2 = jmax(v2)/2

For mole
ule-mole
ule 
ollision involving mole
ules of di�erent spe
ies (N2-O2), vmax

and jmax(v) are di�erent for the two mole
ules. An additional set of ro-vibrational 
om-

binations is required for this asymmetry (point 3 in the following list). The set of 
ombi-

nations for su
h a heterogeneous system 
onsists of:

• vN2 = vO2 = 0, 1, ..., vN2,max, jN2 = jO2 = 0,

• vN2 = vO2 = 0, 1, ..., vN2,max, jN2 = jmax(vN2)/2, jO2 = 0, and

• vN2 = vO2 = 0, 1, ..., vN2,max, jN2 = 0, jO2 = jmax(vO2)/2, and

• vN2 = vO2 = 0, 1, ..., vN2,max, jN2 = jmax(vN2)/2, jO2 = jmax(vO2)/2

For all 
ombinations with vN2 > vO2,max, vO2 = vO2,max.

5.1.2 Fitting s
heme formulation

The rea
tive 
ross-se
tion for all 
ases at the sele
ted ro-vibrational numbers are 
al
ulated

using Equation 3.7 and 3.8 for atom-mole
ule and mole
ule-mole
ule rea
tion respe
tively.

The se
ond step of the s
heme is to �t the rea
tive 
ross-se
tion for all remaining ro-

vibrational levels or 
ombinations of the same. The general formula of the �t for the

atom-mole
ule rea
tion is assumed to be:

σR(v, j, VR) = ((w1σR(v, 0, VR)
0.5 + w2σR(v, j(v)max/2)

0.5, VR)/(w1 + w2))
2

(5.1)

where w1 and w2 are the weights

w1 = ν̃(v, j(v)max/2)− ν̃(v, j) (5.2)
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w2 = ν̃(v, j)− ν̃(v, 0) (5.3)

and ν̃(v, j) is the internal energy:

ν̃(v, j) = ωe(v+0.5)−ωexe(v+0.5)2+ωeye(v+0.5)3+(Be−αe(v+0.5))j(j+1)−Dej
2(j+1)2

(5.4)

where ωe, ωexe,ωeye are vibrational 
onstants and Be, αe and De are rotational 
onstants.

As an extension to the previous formula, a weighted 2D bilinear interpolation is used

for mole
ule-mole
ule rea
tion (N2-N2 and O2-O2). The �rst step involves interpolating

data for all 
ombinations of rotational numbers for a given vibrational number with the

form:

σ(v1, v2, j1, j2, VR) = ((w00σ(v1, v2, 0, 0, VR))
0.5+

(w01σ(v1, v2, jmax/2, 0, VR))
0.5+

(w11σ(v1, v2, jmax/2, jmax/2, VR))
0.5

/(w00 + w01 + w11))
2

(5.5)

The weights w00,w01 and w11 are de�ned as:

w00 = (eJ(jmax/2)− eJ(j1))(eJ(jmax/2)− eJ (j2)) (5.6)

w01 =(eJ(jmax/2)− eJ(j1))(eJ(j2)− eJ(0))+

(eJ(jmax/2)− eJ(j2))(eJ(j1)− eJ(0))
(5.7)

w11 = (eJ(j1)− eJ(0))(eJ(j2)− eJ(0)) (5.8)

where jmax/2 is half the maximum rotational number for a vibrational number and eJ is

the rotational energy 
al
ulated using spe
tros
opi
 data.

In the 
ase N2-O2 
ollision, a slight modi�
ation is made to a

ount for asymmetry of

the ro-vibrational levels.

σ(vN2 , vO2, jN2 , jO2) = ((w00σ(vN2 , vO2, 0, 0))
0.5+

(w01σ(vN2 , vO2 , jmax,N2/2, 0))
0.5+

(w10σ(vN2 , vO2 , 0, jmax,O2/2))
0.5+

(w11σ(vN2 , vO2 , jmax,N2/2, jmax,O2/2))
0.5

/(w00 + w01 + w10 + w11))
2

(5.9)
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The weights w00, w01, w10 and w11 are de�ned as:

w00 = (eJ(jmax/2)− eJ (jN2))(eJ(jmax/2)− eJ(jO2)) (5.10)

w01 = (eJ (jmax/2)− eJ(jN2))(eJ(jO2)− eJ(0)) (5.11)

w10 = (eJ (jmax/2)− eJ(jO2))(eJ(jN2)− eJ(0)) (5.12)

w11 = (eJ(jN2)− eJ(0))(eJ(jO2)− eJ(0)) (5.13)

The se
ond step is to �t the data for the remaining 
ombinations of vibrational num-

bers. CID 
ross-se
tions for a 
ombination of vibrational numbers (v1,v2) are assumed to

be a weighted average of the data 
al
ulated at 
ombinations (v1,v1) and (v2,v2).

The vibrational and rotational 
onstants are obtained from data �tting energy levels


al
ulated using the WKB method and Numerov's method. The values along with the


orresponding experimental values[106℄ are tabulated and 
ompared in Table 5.1. Again

the 
omparison shows reasonable mat
h[106℄.

Table 5.1: Spe
tros
opy 
onstants(
m

−1
)

N2[106℄ N2(WKB) N2(Numerov) O2[106℄ O2(WKB) O2(Numerov)

ω 2358.57 2382.23 2315.24 1580.39 1620.93 1606.69

ωexe 14.324 14.57 14.01 12.112 12.74 11.79

ωeye -0.00226 -0.00228 -0.00262 0.0754 0.02812 0.091

Be 1.99824 2.006 1.999 1.4451 1.4147 1.3291

αe 0.017318 0.01775 0.01781 0.01523 0.01504 0.01612

De 5.76e-6 6.459e-6 5.971e-6 4.839e-6 3.734e-6 4.07e-6

5.1.3 Validation of the s
heme

The validation of the new weighted s
heme is established in the following paragraphs.

Consider the atom-mole
ule rea
tion N2+N→3N. Rea
tive 
ross-se
tions at j = 0 and

j = j(v)max/2 are 
al
ulated using the QCT method. The remaining ro-vibrational lev-

els are 
al
ulated using the weighted �tting s
heme. An extra set of ensembles are run

at a di�erent rotational energy level between 0 and maximum rotational number for a

N2-N rea
tion at a vibrational level of the nitrogen mole
ule at 20. The 
omparison of

the generated data with the interpolated data for rotational number j=30 is shown in
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Figure 5.1. The 
lose agreement is the validation of the method. The average relative

di�eren
es between interpolated values and values obtained using the QCT method for

di�erent rotational numbers and di�erent relative translational energies were less 
om-

pared to the average relative di�eren
e for simple interpolation without any weights (i.e.

w1 = w2 = 1). This highlights that the rea
tive 
ross-se
tion for di�erent rotational levels

at a given vibrational level does not follow a linear �tting s
heme and a weighted s
heme

is more reasonable.
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Figure 5.1: Comparison of QCT results at j=30 with interpolated values using the data

at j=0 and j=max (j)/2 for N2+N→3N rea
tion. The vibrational number for all the line

plots 
orrespond to 20.
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Figure 5.2: Comparison of QCT results (represented by s
atter plot) with �tted values

(line plot) using the data at j=0 and j=max (j)/2 for the N2+N→3N rea
tion at Etrans

= 9.4 eV and for di�erent rotational and vibrational numbers.

Further, for the same rea
tion, Figure 5.2 shows the 
omparison between the rea
-
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tive 
ross-se
tion generated using traje
tories at di�erent rotational levels at a 
onstant

relative translational energy (Etrans = 9.4 eV) and the rea
tive 
ross-se
tion generated

using the �t des
ribed by Equations 5.1-5.4 for all rotational levels for di�erent vibrational

numbers (v=20,30,40). It is evident that the rea
tive 
ross-se
tion 
al
ulated using the

�t is in good agreement with the rea
tive 
ross-se
tion 
al
ulated using traje
tories.

Consider the N2+N2 → N2+2N rea
tion. Extra sets of ensembles are run at random


ombination of ro-vibrational energy levels. Rea
tive 
ross-se
tion generated (tabulated in

Table 5.2) using the QCT method for random 
ombinations of rotational and vibrational

numbers of the two mole
ules mat
h well with the rea
tive 
ross-se
tion as 
al
ulated

using the �tting s
heme.

Table 5.2: Comparison of rea
tive 
ross-se
tion generated by the QCT method and using

the weight based �tting s
heme for random sets of ro-vibrational 
ombination at 16000

m/s relative velo
ity for the rea
tion N2 + N2 → N2 + 2N.

v1 v2 j1 j2 σ
QCT

(m

2
) σ

�t

(m

2
)

18 20 195 149 3.31156739229e-19 3.42988514801e-19

9 18 107 98 3.69115863634e-21 3.9646279757e-21

18 25 51 65 8.03822235687e-20 9.19512995319e-20

16 32 130 94 3.87426381778e-19 3.96747016981e-19

10 12 108 108 2.90252708457e-21 2.82702396128e-21

7 33 83 101 1.41732314562e-19 1.42560208477e-19

6 8 81 31 6.63373879593e-20 6.38885388347e-20

11 5 171 145 6.13707827777e-20 6.29826505234e-20

5 12 56 45 8.10520882674e-20 9.44146784209e-20

40 19 64 46 4.66358255125e-20 4.81932538555e-20

5.2 Results and Dis
ussion

As explained in the pre
eding paragraphs, di�erent ensembles are 
hosen and simulated

for the rea
tions as mentioned in Table 2.2. As mentioned in the introdu
tion of this


hapter, in the 
ase of O2-O2 
ollision, the database is generated on three PESs: singlet,

triplet and quintet spin state surfa
es. Similarly, in the 
ase of N2-O and O2-N 
ollisions,

the two lowest PESs (

3A′
and

3A” for N2O,
2A′

and

4A′
for NO2 respe
tively) are used for

generating two databases of 
ross-se
tion. Figures 5.3-5.6 show the variation of rea
tion


ross-se
tion with relative translational energy for di�erent rea
tions pertaining to air
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hemistry for di�erent values of ro-vibrational levels.

The rea
tive 
ross-se
tion generally in
reases with in
rease in relative translational

energy. However, there are 
aveats asso
iated with this statement. Firstly, for disso
i-

ation pro
esses, the 
ollision indu
ed disso
iation (CID) 
ross-se
tion peaks at a 
ertain

value of relative translational energy and starts to de
rease with further in
rease. This

is be
ause the high relative velo
ity during su
h a 
ollision redu
es the intera
tion time

needed for the pro
ess of bond breaking and formation and 
onsequently redu
es the prob-

ability of the 
ollision leading to a rea
tion. Se
ondly, in the 
ase of Zeldovi
h rea
tions,

the pro
ess of ex
hange and disso
iation 
ompete with ea
h other. This 
an be observed

from Figures 5.5 and 5.6. The 
ollision indu
ed ex
hange (CIE) 
ross-se
tion has a lower

threshold value. This is be
ause the ex
hange rea
tions have a lower a
tivation energy.

Hen
e, the ex
hange 
ross-se
tion peaks at a lower value of relative translational energy

than the 
orresponding disso
iation 
ross-se
tion. As the energy in the 
ollision in
reases,

the 
han
es of the mole
ule disso
iating into atoms in
reases and this leads to 
ompetition

between the pro
esses of ex
hange and disso
iation. This is turn results in a de
rease in

the ex
hange 
ross-se
tion at higher relative translational energy.

The rea
tive 
ross-se
tion in
reases with in
rease in the internal energy in a 
ollision.

The plot of 
ross-se
tion vs relative translational energy shifts to a higher value with

in
rease in rotational and vibrational energy. In addition to this, the threshold value or

the lowest value of the relative translational energy with non-zero rea
tive 
ross-se
tion

de
reases with the in
rease in the rotational and vibrational levels. This is due to in
rease

in the 
ontribution of internal energy whi
h e�e
tively redu
es the a
tivation energy pro-

vided by the translational energy mode.

Figure 5.5 a)-d) shows that the 
ollision indu
ed ex
hange (CIE) 
ross-se
tion for N

+ O2 → NO + O at di�erent ro-vibrational levels on the two di�erent PESs (

2A′
and

4A′
). It is observed that at lower relative translational energy, the traje
tories favour

the lower energy

2A′
PES 
ompared to the

4A′
surfa
e. This leads to a higher value of

ex
hange 
ross-se
tion at lower energy. As the energy of the system in
reases, the tra-

je
tories favour the

4A′
surfa
e. In 
omparison with this, no su
h 
lear statement 
an be

made for the ex
hange 
ross-se
tion for rea
tion O + N2 → NO + N on the two

3A′
and

3A′′
surfa
es (Figure 5.6 a-d).

The a

ura
y of the ab-initio based 
hemi
al model depends on the a

ura
y of the

�tting fun
tion 
hosen to interpolate the disso
iation (CID) and ex
hange (CIE) 
ross-

se
tion as a fun
tion of relative translational energy. After manipulating di�erent forms

using trial and error, the following fun
tion was found to be the most suitable for �tting
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a) N+N2 →3Nv = 0, j = 0
v = 10, j = 0
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b) N+N2 →3Nv = 0, j = 141
v = 10, j = 118
v = 20, j = 97
v = 30, j = 73
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c) N2+N2  → N2  + 2Nv1  = v2  = 0, j1  = j2  = 0
v1  = v2  = 10, j1  = j2  = 0
v1  = v2  = 20, j1  = j2  = 0
v1  = v2  = 30, j1  = j2  = 0

0 5 10 15 20
Relative translational energy (eV)

0

10

20

30

40

50
Re

ac
tiv

e 
cr

os
s-

se
ct

io
n 

(Å
2
)

d) N2+N2  → N2+2Nv1  = v2  = 0, j1  = 141 j2  = 0
v1  = v2  = 10, j1  = 118 j2  = 0
v1  = v2  = 20, j1  = 97 j2  = 0
v1  = v2  = 30, j1  = 73 j2  = 0
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e) N2+N2  → N2  + 2Nv1  = v2  = 0, j1  = j2  = 141
v1  = v2  = 10, j1  = j2  = 118
v1  = v2  = 20, j1  = j2  = 97
v1  = v2  = 30, j1  = j2  = 73
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f) N2+N2  → N2+2Nv1  = v2  = 15, j1  = j2  = 0
v1  = v2  = 15, j1  = 108 j2  = 0
v1  = v2  = 15, j1  = j2  = 108

Figure 5.3: Disso
iation 
ross-se
tion vs. Relative translational energy at di�erent ro-

vibrational levels for a)-b) N2 + N → 3N and 
)-f) N2 + N2 → N2 + 2N.
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a) O+O2 →3Ov = 0, j = 0
v = 5, j = 0
v = 10, j = 0
v = 15, j = 0
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b) O+O2 →3Ov = 0, j = 0
v = 5, j = 1
v = 10, j = 1
v = 15, j = 2
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c) O2+O2  → O2  + 2Ov1  = v2  = 0, j1  = j2  = 0
v1  = v2  = 5, j1  = j2  = 0
v1  = v2  = 10, j1  = j2  = 0
v1  = v2  = 15, j1  = j2  = 0
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d) O2+O2  → O2  + 2Ov1  = v2  = 0, j1  = 0 j2  = 0
v1  = v2  = 5, j1  = 1 j2  = 0
v1  = v2  = 10, j1  = 1 j2  = 0
v1  = v2  = 15, j1  = 2 j2  = 0
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e) O2+O2  → O2  + 2Ov1  = v2  = 0, j1  = j2  = 0
v1  = v2  = 5, j1  = j2  = 1
v1  = v2  = 10, j1  = j2  = 1
v1  = v2  = 15, j1  = j2  = 2
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f) O2+O2  → O2  + 2Ov1  = v2  = 15, j1  = j2  = 0
v1  = v2  = 15, j1  = 2 j2  = 0
v1  = v2  = 15, j1  = j2  = 2

Figure 5.4: Disso
iation 
ross-se
tion vs. Relative translational energy at di�erent ro-

vibrational levels for a)-b)O2 + O → 3O and 
)-f) O2 + O2 → O2 + 2O.
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 a) Exchange 2 A' NO2  PES
v=0,j=0
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 b) Exchange 2 A' NO2  PES
v=0,j=121
v=2,j=116
v=5,j=109
v=8,j=102
v=10,j=97
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 c) Exchange 4 A' NO2  PES
v=0,j=0
v=2,j=0
v=5,j=0
v=8,j=0
v=10,j=0

0 5 10 15 20
Relative translational energy (eV)

0

5

10

15

20

25

30

35

40
Re

ac
tiv
e 
cr
os
s-
se
ct
io
n 
(Å

2
)

 d) Exchange 4 A' NO2  PES
v=0,j=121
v=2,j=116
v=5,j=109
v=8,j=102
v=10,j=97
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 e) Dissociation 2 A' NO2  PES
v=0,j=0
v=2,j=0
v=5,j=0
v=8,j=0
v=10,j=0
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 f) Dissociation 4 A' NO2  PES
v=0,j=0
v=2,j=0
v=5,j=0
v=8,j=0
v=10,j=0

Figure 5.5: Ex
hange 
ross-se
tion vs. Relative translational energy at di�erent ro-

vibrational levels for a)-d) O2 + N → NO + O on two surfa
es. Disso
iation 
ross-se
tion

for rea
tions e)-f) O2 + N → 2O + N on the two surfa
es.
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Figure 5.6: Ex
hange 
ross-se
tion vs. Relative translational energy at di�erent ro-

vibrational levels for a)-d) N2 + O → NO + N on two surfa
es. Disso
iation 
ross-se
tion

for rea
tions e)-f) N2 + O → 2N + O on the two surfa
es.
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Figure 5.7: Comparison of CID 
ross-se
tion for the rea
tion N2 +N → 3N 
al
ulated

using QCT trials and �tting fun
tion for di�erent vibrational levels at j=0

the disso
iation and ex
hange 
ross-se
tion data respe
tively:

σr,CID = 10a/x
2+b/x+c

(5.14)

σr,CIE = 10ax
2+b/x+c

(5.15)

where x is relative translational energy (in eV) and a,b,
 are 
onstants. The fun
tion


urve�t from s
ipy.optimize module in s
ienti�
 python (S
iPy) language is used to �nd

the values of the 
onstants. Comparison of the CID 
ross-se
tions obtained from the ab-

initio method and their 
orresponding �tting fun
tions for di�erent vibrational numbers

for the N3 system is shown in Figure 5.7. It is evident that the �t is in a 
lose mat
h with

the 
al
ulated values.
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5.3 Rea
tion Rate Coe�
ients

Rea
tive 
ross-se
tion results obtained through the PES-QCT method will be used to

develop a true non-equilibrium 
hemistry model. However, the data should at the least

mat
h the Arrhenius equation at equilibrium 
onditions. Integrating the 
ross-se
tion

over the equilibrium distribution fun
tion of ET (or VR), v and j will give the required

disso
iation rate 
oe�
ients. State spe
i�
 rea
tion rates (k(v1, v2, j1, j2)) as a fun
tion of

temperature obtained by integrating the CID 
ross-se
tion data with the velo
ity Boltz-

mann distribution fun
tion 
an be written as follows

k(v1, v2, j1, j2) = NA

(

2

π

1/2
)(

µ

kbT

3/2
)

×
∫ ∞

0

σ(v1, , v2, j1, j2, V )exp

(

− µV 2

2kbT

)

V 3dV

(5.16)

where NA is the Avogadro number, kb is the Boltzmann 
onstant, µ is the redu
ed mass

and T is the temperature.
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Figure 5.8: Disso
iation rate 
oe�
ients 
al
ulated using data from the 
al
ulated


ross-se
tion database for the disso
iation a) O2 + O → 3O and b) N2 + N → 3N


ompared with theoreti
al studies, sho
k tube experimental results and other


omputational works.

The state spe
i�
 rea
tion rates are integrated over the Boltzmann distributions for

both the rotational and vibrational states to get the rea
tion rate 
oe�
ients. In the


ase of an atom-mole
ule rea
tion, the state spe
i�
 rea
tion rates are integrated on
e

over rotational and vibrational energy. A

ording to the type of rea
tion, appropriate

degenera
y fa
tors have to be multiplied. For example, a 
onstant fa
tor of 16/3 [36℄ that

a

ounts for degenera
y due to multiple ele
troni
 states is 
onsidered for 
al
ulating the

disso
iation rate 
oe�
ients for oxygen 
olliding with an oxygen atom (O2+O).
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The disso
iation rate 
oe�
ients for rea
tions O2 + O → 3O and N2 + N → 3N are


ompared with both experimental[107, 1℄ and 
omputational results [34℄. Figure 5.8 shows

that the overall mat
h between the present data and the experimental rates are good. Fig-

ure 5.9 a) shows that the rea
tion rate 
oe�
ient for the rea
tion O2+O2 → O2+2O 
al
u-

lated using the present 
ode mat
hes well with the existing experimental results[107, 108℄

and previous 
omputational results[109℄. Figure 5.9 b) shows that the rea
tion rate for

the rea
tion N2 +N2 → N2 + 2N 
al
ulated using the present 
ode mat
h well with the

experimental results[110, 111, 112℄ and 
omputational results[113, 33℄ that use the QCT

method results on the same N4 PES.

4000 5000 6000 7000 8000 9000 10000
Temperature(K)

−15

−14

−13

−12

−11

−10

Re
ac

tio
n 

Ra
te

 C
on

st
an

t m
3
s−

1

a)

Present
Andrienko (Computational)
Shatalov (Experimental)

6000 8000 10000 12000 14000 16000
Temperature(K)

−24

−23

−22

−21

−20

−19

−18

−17

−16

Re
ac

tio
n 

Ra
te

 C
oe

ffi
ci

en
t m

3
s−

1

b)

Present
Parson (Computational)
Hanson (Experimental)
Cary (Experimental)
Byron (Experimental)

Figure 5.9: Disso
iation rate 
oe�
ients 
al
ulated using data from the 
al
ulated


ross-se
tion database for the disso
iation a) O2 + O2 → O2 + 2O and b) N2 + N2 →
N2 + 2N 
ompared with theoreti
al studies, sho
k tube experimental results and other


omputational works.
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Figure 5.10: Ex
hange rea
tion rate 
oe�
ients 
al
ulated using data from the present

work for the ex
hange a) N + O2 → NO + O and b) NO + O → N + O2 
ompared with

experimental results by Sayos et al.[114℄ and 
omputational results [115, 116, 67℄
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The 
ross-se
tions for Zeldovi
h ex
hange rea
tions are generated for two PESs. In

the 
ase of systems pertaining to NO2, the �nal rea
tion rate 
oe�
ient for the ex
hange

rea
tions is obtained using a weighted formula as reported by Bose et al.[116℄

k(T ) =
1

6
(k2A′(T ) + 2k4A′(T )) (5.17)

Figure 5.10 shows the rea
tion rate 
oe�
ients as a fun
tion of temperature for forward

and ba
kward ex
hange rea
tions. It 
an be 
on
luded from the plots that the rea
tion

rate 
oe�
ient as 
al
ulated using the present 
ross-se
tion data mat
h well with the

previous experimental data[114℄ and previous 
omputational results[115, 116, 67℄.
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Figure 5.11: Ex
hange rea
tion rate 
oe�
ients 
al
ulated using data from the present

work for the ex
hange O + N2 → NO + N 
ompared with experimental results by Baul
h

et al.[117℄ and 
omputational results [118, 119℄

Similarly N2 + O

⇀↽ NO + N pro
eeds on two PESs. The �nal rea
tion rate 
oe�
ients

for the ex
hange rea
tions pertaining to N2O system are 
al
ulated using the following

weighted formula[121℄:

k(T ) =
1

3
(k3A′(T ) + k3A′′(T )) (5.18)

where k3A′(T ) and k3A′′(T ) are rea
tion rate 
oe�
ients 
al
ulated using CIE 
ross-se
tion

database on the two surfa
es. Figure 5.11 shows that the rea
tion rate 
oe�
ients 
al-


ulated in the present study mat
hes well with previous results [117, 118, 119℄ for the

forward rea
tion.

Additionally, the disso
iation rate 
oe�
ient of N2 
olliding with atomi
 oxygen 
al-


ulated using the CID 
ross-se
tion on the lowest two N2O surfa
es mat
h well with the

rea
tion rate 
oe�
ients for the rea
tion N2 + N → 3N, and the sho
k tube results for
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Figure 5.12: Disso
iation rate 
oe�
ient 
al
ulated using the QCT data for a)

N2 disso
iation, b) O2 disso
iation and 
) NO disso
iation 
ompared with previous

experimental[120, 107℄, 
omputational[54, 34℄ and theoreti
al work[1℄.
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nitrogen disso
iation. Similar, disso
iation of oxygen mole
ule while 
olliding with atomi


nitrogen progressing on the two lowest NO2 surfa
es also mat
h well with disso
iation rate


oe�
ient for the rea
tion O2 + O → 3O. The disso
iation rate 
oe�
ients are shown

in Figure 5.12. Figure 5.12 
 shows that the QCT study of the NO disso
iation upon


olliding with other atomi
 spe
ies (N or O) leads to a

urate rate 
oe�
ients.

5.4 Summary

The 
ross-se
tion database generated using the QCT method employing the most a

urate

PESs till date are reliable. This will provide a stable and sound framework for developing

an ab-initio 
hemi
al rea
tion model 
apable of simulating �ows with a high degree of

non-equilibrium.



Chapter 6

DSMC Simulations of Re-entry �ows

The primary obje
tive of this work is to study hypersoni
 �ow around a re-entry vehi-


le at rare�ed ambient atmosphere and to 
apture the non-equilibrium e�e
ts a

urately.

Towards this end, a new 
hemi
al rea
tion model is developed that 
al
ulates rea
tive


ross-se
tion based on a database generated using the QCT method. In 
omparison with

the existing phenomenologi
al models, it is expe
ted that the new ab-initio based 
hemi-


al rea
tion model provides a better understanding of the rarefa
tion and non-equilibrium

e�e
ts in the �ow and predi
ts the surfa
e heat �ux and heat load on the re-entry vehi-


le more pre
isely. A 
omparative study is undertaken to investigate the e�e
ts of the

di�erent 
hemi
al rea
tion models and varying ambient 
onditions of the air mixture on

the re-entry �ows at several altitudes using the DSMC method. The 
hemi
al rea
tion

models in
luded in this study are the new ab-initio based 
hemi
al rea
tion model and

the Total Collision Energy (TCE) model. The TCE model is more widely a

epted as the

standard model for handling 
hemi
al rea
tion than the Quantum Kineti
 (QK) or the

Vibrationally Favoured Disso
iation (VFD) model. Also, previously reported 
ompara-

tive studies 
on
lude that the di�eren
e between the TCE model and the other models

is negligible, and hen
e only the TCE model is examined as a ben
h mark for testing the

new ab-initio based 
hemi
al rea
tion model.

This 
hapter begins with a dis
ussion on zero-dimensional DSMC simulations, whi
h

provides a further validation of the new ab-initio based 
hemi
al rea
tion model in its

appli
ation at equilibrium 
onditions. This is followed by a dis
ussion on the hypersoni


�ows over re-entry vehi
les. Firstly, the re-entry �ows with only pure nitrogen or pure

oxygen as the working gas are investigated. These simulations, although hypotheti
al,

help in understanding the e�e
ts of individual gas 
hemistries towards the overall �ow

physi
s in simulations with pra
ti
al input 
onditions.

Finally, a detailed analysis of results of DSMC simulations with air as the working gas

83
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is provided for hypersoni
 �ow over a realisti
 re-entry geometry at di�erent altitudes. The

degree of rarefa
tion in
reases with the in
rease in altitude and subsequent de
rease in

the ambient pressure. Simulations are run at 
onditions 
orresponding to three di�erent

altitudes (68km, 80km and 100km). The ambient 
onditions at 65 km are 
loser to


ontinuum and hen
e the DSMC simulations demand high 
omputational resour
es. In


ontrast, the ambient 
onditions at 80 km are rare�ed and the �ow belongs to transition

regime. At 100 km, the �ow is nearly 
ollision-less in nature. It 
an be observed that

with in
rease in altitude, along with number density, the number of 
ollisions de
reases

drasti
ally. Fewer 
ollisions in the �ow result in higher degree of non-equilibrium in the

�ow. The present 
omparative study investigates re-entry �ows at varying degrees of

non-equilibrium.

6.1 Simulation at Equilibrium Conditions

A zero-dimensional DSMC study is initially 
arried out under 
onditions that ensure

su�
ient 
ollisions for equilibrium to o

ur. The number density, n0 is taken equal to

2.687×1025m−3
, whi
h 
orresponds to the ambient density at the ground level. The gas is


onsidered to be made of only nitrogen mole
ules at high temperature. Atomi
 nitrogen

is assumed to be absent in the beginning and as the simulation progresses, the nitrogen

mole
ules 
ollide with ea
h other and result in atomi
 nitrogen. A simple phenomeno-

logi
al model is used to simulate atomi
 re
ombination rea
tion that produ
es mole
ular

nitrogen ba
k[2℄ and the ab-initio based 
hemi
al model is used for the disso
iation. An-

harmoni
 os
illator model is used for modeling vibrational levels and temperature depen-

dent rotational[19℄ and vibrational[122℄ LB model is implemented for inelasti
 
ollisions.

The degree of disso
iation and the temperature of the system are noted on
e steady state

is a
hieved. At equilibrium, the temperature 
orresponding to di�erent modes of energy

and the total temperature are equal. This exer
ise is 
arried out for di�erent initial tem-

peratures. The variation of the degree of disso
iation with equilibrium temperature is


ompared in Figure 6.1 with the standard theoreti
al expression:

α2/(1− α) = (0.5047× 1028/ni)T
1
2{1− e−3395/T }

{4 + 10e−27658/T + 6e−41495/T }2e−113200/T
(6.1)

It 
an be seen that in addition to the equilibrium rea
tions rates (shown in Chapter 5),

the present 
hemi
al model also shows a mat
h with equilibrium degree of disso
iation.
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Figure 6.1: Comparison of theoreti
al equilibrium degree of disso
iation and DSMC

simulations with ab-initio based 
hemi
al model.

6.2 Nitrogen Rea
tions under Non-equilibrium

As mentioned earlier, the next set of simulations involve nitrogen as the working gas. The

rea
tions that require modelling are:

N2 + N2 → N2 + 2N (6.2)

N2 + N → 3N (6.3)

The simulation 
onditions 
hosen, albeit hypotheti
al, are 
lose to the 
onditions en
oun-

tered by a re-entry vehi
le at an altitude of ∼75 km. Simulations are 
arried out using

the parallel implementation of the in-house DSMC 
ode on a distributed 
omputer.

A twelve in
h diameter 
ylinder en
ounters nitrogen gas �ow with stream velo
ity equal

to 10000 m/s. The ambient number density and temperature for the simulations are �xed

at 1×1021 m−3
and 200 K. Surfa
e temperature of the 
ylinder is assumed to be at 1000 K.

A regular Cartesian grid with 527×527 
ells is 
onstru
ted in a domain of 1m×1m.

Temperature dependent Larsen-Borgnakke model is implemented to a

ount for inelasti



ollisions and ex
hange of rotational and vibrational energy. In addition to this, anhar-

moni
 vibrational levels for mole
ular nitrogen are 
onsidered. The parti
les 
olliding with

the 
ylinder are assumed to undergo di�use re�e
tion. The post-
ollision velo
ities and

internal energies are re-initialized from the Maxwellian distribution 
orresponding to the

surfa
e temperature. Two sets of simulations are 
arried out, one using the TCE model

and the se
ond using the ab-initio 
hemi
al rea
tion model developed in the present work.
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Figure 6.2: Comparison of a) Translational temperature, b) N2 number density, 
) Pres-

sure and d) U Velo
ity in simulation using the two di�erent 
hemi
al models

The 
ontour plots of translational temperature, mole
ular nitrogen density, pressure

and stream velo
ity in the x dire
tion are shown in Figure 6.2 a), 6.2 b), 6.2 
) and 6.2 d)

respe
tively. In ea
h sub-�gure, the upper part of the �gure shows the results from the

ab-initio 
hemi
al rea
tion model, while the lower part of the �gure shows results from

the TCE model. The di�eren
es in the temperature and N2 number density predi
ted by

the two models is apparent from Figure 6.2 a) and b) respe
tively. In 
ontrast, there is

negligible di�eren
e in the values of pressure and U 
omponent of velo
ity. The 
hara
-

teristi
 bow sho
k formation 
an be visualized from the 
ontour plots. The di�eren
e in

various modes of temperature is shown in Figure 6.3. It is apparent that the temperatures

in ea
h mode are di�erent indi
ating a high degree of non-equilibrium. This observation

is true irrespe
tive of the 
hemi
al rea
tion model used.

The di�eren
e in the predi
ted 
entreline mole fra
tions of mole
ular and atomi
 ni-

trogen is shown in Figure 6.4. It is evident that 
ompared to simulations with the TCE


hemi
al model, the degree of disso
iation is lesser in the 
ase of simulations with ab-initio
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Figure 6.3: Comparison of di�erent modes of temperatures at the 
entreline for TCE and

Ab-initio based 
hemi
al model.
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Figure 6.4: Comparison of mole fra
tion of the two spe
ies at the 
entreline for TCE and

Ab-initio based 
hemi
al model.

based 
hemi
al model. This result 
an be attributed to the high degree of non-equilibrium

in the �ow. The ambient temperature of the initial �ow is 200 K and all nitrogen mole
ules

are in their lowest vibrational state. In the sho
k and the post-sho
k region, the 
ollisions

are fewer than those happening in an equilibrium �ow. Fewer 
ollision events lead to a

non-equilibrium situation and fewer nitrogen mole
ules are at higher vibrational levels.

The di�eren
e in the results is due to signi�
ant di�eren
es observed in the 
ross-se
tion

values in the two models as dis
ussed below.

Figure 6.5 shows a 
omparison of the absolute values of the CID 
ross-se
tions 
al
u-
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lated using the ab-initio studies and the assumed form of the 
ross-se
tion as predi
ted

by the TCE model for N3 system. In the �gure, the mole
ules are in their zeroth ro-

tational quantum number. It 
an be observed that the shapes of the CID 
ross-se
tion

plots are di�erent for the TCE and the ab-initio model. Further, the di�eren
e is more

pronoun
ed for 
ollisions of N2 mole
ules o

upying lower vibrational levels. At the zeroth

vibrational level, the TCE model predi
ts a mu
h higher 
ross-se
tion at lower relative

translational energy. The maximum relative translational energy for 
ollision in the sho
k

region observed from the simulations is less than 12 eV. It is noti
eable from Figure 6.5

that the rea
tive 
ross-se
tion predi
ted by the ab-initio 
hemi
al model is lower than

the 
orresponding rea
tive 
ross-se
tion predi
ted by the TCE model. This is the prime

reason for the di�eren
e in degree of disso
iation in the sho
k region. A serious limitation

of the TCE 
hemi
al model is that it does not distinguish between the di�erent modes

of energy whereas the rea
tive 
ross-se
tion 
al
ulated using ab-initio methods in
ludes

the vibrational level as an input variable. The in�uen
e of the vibrational levels on the


ross-se
tion is prominent and hen
e DSMC results with TCE 
hemi
al model 
an be

erroneous under non-equilibrium 
onditions though 
learly under equilibrium 
onditions

the two models predi
t exa
tly the same results.
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Figure 6.5: Cross-se
tions as 
al
ulated using the assumed form for TCE and and those

obtained from the QCT studies for two vibrational numbers (v=20,30) for N2 +N rea
tion.

The maximum relative translational energy for 
ollision in the sho
k region observed

from the simulations is less than 12 eV. It is noti
eable from Figure 6.5 that the rea
tive


ross-se
tion predi
ted by the ab-initio 
hemi
al model is lower than the 
orresponding

rea
tive 
ross-se
tion predi
ted by the TCE model. This is the prime reason for the dif-

feren
e in degree of disso
iation in the sho
k region. A serious limitation of the TCE


hemi
al model is that it does not distinguish between the di�erent modes of energy
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whereas the rea
tive 
ross-se
tion 
al
ulated using ab-initio methods in
ludes the vibra-

tional level as an input variable. The in�uen
e of the vibrational levels on the 
ross-se
tion

is prominent and hen
e DSMC results with TCE 
hemi
al model 
an be erroneous under

non-equilibrium 
onditions.

Higher degree of disso
iation in the 
ase of simulation with TCE 
hemi
al model

dire
tly a�e
ts the value of various modes of temperature (Figure 6.3). For simulation with

TCE, a higher portion of the �ow enthalpy is utilized in breaking bonds in disso
iation

and hen
e the �ow temperatures are lowered. This also a�e
ts the heat �ux experien
ed

by the 
ylinder surfa
e. A 
omparison of 
oe�
ient of heat �ux on the 
ylinder with angle

subtended at the 
entre of the 
ylinder is shown in Figure 6.6. The heat �ux is normalized

in the following manner:
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0.00

0.05

0.10

0.15

0.20

C H

TCE Model
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Figure 6.6: Comparison of non-dimensional heat �ux on the 
ylinder surfa
e for TCE

and Ab-initio based 
hemi
al model.

CH =
qh

1

2
ρu3∞

(6.4)

where qh is heat �ux, ρ is inlet density and u∞ is inlet velo
ity in the x dire
tion. The

180

◦
on the x-axis 
orresponds to the stagnation point on the 
ylinder and this point

en
ounters the maximum parti
le 
ollisions and heat �ux. The heat �ux experien
ed by

the 
ylinder at the stagnation is about 8% higher for the ab-initio based 
hemi
al model

in 
omparison with the TCE 
hemi
al model. This is a dire
t 
onsequen
e of lower dis-

so
iation in the 
ase of DSMC simulations with the ab-initio based 
hemi
al model.

A di�erent result that is again a dire
t out
ome of the two rea
tion models 
an be

further demonstrated using sho
k tube simulations. Sho
k tube studies are essential ex-
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periments used for investigating a wide range of appli
ations. A sho
k tube under rare�ed


onditions 
ontaining Nitrogen gas is simulated wherein 
ross-se
tions are implemented

using the ab-initio method as well as the 
lassi
al TCE model. The length of the sho
k

tube is 1 
m and the diaphragm is pla
ed at the 
entre. The number density and tem-

perature on the driver side are 8.15×1025 m−3
and 9000 K while that on the driven side

are 2.44×1025 m−3
and 300 K respe
tively. At the start of the simulation, the horizontal

velo
ity in both se
tions is zero. In the driver se
tion, the mole fra
tions of mole
ular

and atomi
 nitrogen are 
al
ulated using the equilibrium degree of disso
iation at 9000 K,

while the driven se
tion is entirely 
omposed of mole
ular nitrogen due to the low temper-

ature. The sho
k tube is dis
retized into 1856 
ells ea
h having a 
ell size of 0.0005389 
m.

A time step of 1×10−10
s is 
hosen for the simulation. Unlike the steady state problems, a


ombination of time and ensemble sampling is used to average the mi
ros
opi
 properties

in order to 
al
ulate ma
ros
opi
 properties using the standard kineti
 theory relations.
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Figure 6.7: Comparison of a) number density of N2, b) number density of N, 
) transla-

tional temperature and d) pressure for simulations employing TCE and Ab-initio based


hemi
al models.

The line plots of mole
ular and atomi
 nitrogen number density, translational tem-
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perature and pressure for simulations with TCE and ab-initio based 
hemi
al model at

1×10−6
s after the start of the simulations are shown in Figure 6.7. The 
hara
teris-

ti
 plots of pressure and temperature similar to standard Sod sho
k tube 
ase 
an be

observed. The driver and driven se
tions are predominantly 
omposed of atomi
 and

mole
ular nitrogen respe
tively. Hen
e the region between the 
onta
t dis
ontinuity and

the sho
k wave front is the region of interest where high velo
ity 
ollisions o

ur. The

e�e
t of the 
hemi
al rea
tion models 
an be observed in this region. The enlarged view

of the line plot of mole
ular nitrogen number density is shown in Figure 6.8.
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Figure 6.8: Comparison of number density of N2 for simulations employing TCE and

Ab-initio based 
hemi
al models between the 
onta
t dis
ontinuity and sho
k wave.

In 
ontrast to the mole fra
tion results obtained in the re-entry �ow simulation, it is


lear that the ab-initio model predi
ts a higher disso
iation rate for Nitrogen when 
om-

pared to the TCE model in this 
ase. This is again be
ause of the di�eren
e in the shape

and the form of the 
ross-se
tion assumed in the TCE model and as 
al
ulated using the

ab-initio method for di�erent ro-vibrational levels as seen in Figure 6.5. Initially, the gas

in the driver se
tion is maintained at a high temperature and it is in equilibrium. At su
h

high temperatures, the gas 
onsists of both disso
iated and undisso
iated nitrogen gas.

In the 
ase of re-entry �ows, all nitrogen mole
ules in the pre-sho
k region were in the

ground state as the ambient temperature is below the vibrational ex
itation temperature.

In 
omparison, the vibrational level distribution of the undisso
iated mole
ular nitrogen

in the driver se
tion of the sho
k tube follows the Maxwell-Boltzmann probability distri-

bution fun
tion at the driver se
tion temperature: 9000 K and a large number of nitrogen

mole
ules reside in ex
ited vibrational levels. As the sho
k wave progresses, these ex
ited
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nitrogen mole
ules in the driver se
tion 
ollide with the gas parti
les in the driven se
-

tion. These 
ollisions may further lead to disso
iation. As stated earlier, the TCE model

does not in
lude the varying in�uen
e of the individual form of energies. Instead, the


ross-se
tion is simply a fun
tion of the sum of all energies. It is obvious from Figure

6.5 that there is a higher degree of disagreement between the 
ross-se
tions predi
ted by

the two models at higher vibrational levels. The 
ross-se
tions predi
ted by the ab-initio

based 
hemi
al rea
tion model for su
h 
ollisions at the sho
k front are greater than those

predi
ted by the TCE model. This leads to a higher disso
iation rate in simulations with

the ab-initio 
hemi
al rea
tion model. This is apparent from Figure 6.8. This exer
ise on

sho
k tube study elu
idates the limitation of the TCE model and the need for ab-initio

based 
hemi
al rea
tion model.

6.3 Oxygen Rea
tions under Non-equilibrium

Similar to the previous set of simulations for Nitrogen �ow over an in�nite 
ylinder, a

set of DSMC simulations is 
arried out for �ow of only mole
ular Oxygen over an in�nite


ylinder with the same domain size and ambient 
onditions as for Nitrogen �ow[123℄. In

this 
ase, the oxygen disso
iation forms the model 
hemistry:

O2 +O2 → O2 + 2O (6.5)

O2 +O → 3O (6.6)

In 
ontrast to the study with Nitrogen gas, the �ow of Oxygen gas is simulated at two

di�erent re-entry speeds (U∞ = 5000 m/s, 10000 m/s). This is done to analyze the e�e
t

of the inlet velo
ity and further highlight the di�eren
e in the 
hemistries of the two inlet

gas systems.

A 
omparison of pressure (Figure 6.9 a,b ), total temperature (Figure 6.9 
,d) and x


omponent of velo
ity (Figure 6.9 e,f) in the �ow �eld for the two 
hemistry models at

the two re-entry speeds is shown in Figure 6.9. The 
hara
teristi
 bow sho
k is noti
eable

from the 
ontour plots. A major dedu
tion revealed from this primary analysis is that

the �ow �eld values of all ma
ros
opi
 properties as predi
ted by the DSMC simulation

at higher re-entry speed (U∞ = 10000 m/s) with the TCE 
hemi
al model mat
h exa
tly

with the 
orresponding values as 
al
ulated by the simulations employing the ab-initio


hemi
al model. In 
ontrast, the simulations run at lower re-entry speed (U∞ = 5000

m/s) predi
t results with a signi�
ant di�eren
e. This 
an be again attributed to the

di�eren
e in the shapes of CID 
ross-se
tions in the two models as shown in Figure 6.10.

Sin
e at the zeroth vibrational level, the TCE model has a higher 
ross-se
tion at
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Figure 6.9: Comparison of 
ontour plots of Pressure, Total Temperature and U velo
ity,

(x 
omponent of velo
ity) for DSMC simulations employing TCE and Ab-initio 
hemi
al

models for low (U∞ = 5000 m/s) (Sub �gure a, 
 and e)and high (U∞ = 10000 m/s) (Sub

�gure b, d and f) inlet velo
ity.



94 CHAPTER 6. DSMC SIMULATIONS OF RE-ENTRY FLOWS

0 5 10 15 20
Relative Translational Energy (eV)

0

2

4

6

8

10

12

14

16

CI
D 
Cr
os
s-
se
ct
io
n 
(Å

2
)

v=10

TCE
QCT

0 5 10 15 20
Relative Translational Energy (eV)

0

2

4

6

8

10

CI
D 
Cr
os
s-
se
ct
io
n 
(Å

2
)

v=0

TCE
QCT

Figure 6.10: Comparison of CID 
ross-se
tions predi
ted by the TCE model and the

ab-initio method for rea
tion O2 + O2 → O2 + 2O at di�erent vibrational numbers (v1

= v2 = 0, 10) and zeroth rotational number.
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Figure 6.11: Comparison of population distribution (bar plot) of oxygen mole
ules in

vibrational levels at the sho
k front a
quired from DSMC simulations at U∞ = 5000 m/s

employing TCE and Ab-initio 
hemi
al models.

lower energies (as 
ompared to the ab-initio model), it predi
ts a higher disso
iation of

oxygen at the zeroth vibrational level. A histogram showing the o

upan
y of vibrational

levels, v =0 to 5, is shown in Figure 6.11 for the re-entry speed U∞ equal to 5000 m/s. It

is 
lear that the simulation using the TCE model predi
ts an o

upan
y of 94% at the ze-

roth vibrational level, whereas the simulation with the ab-initio model predi
ts only 65%

o

upan
y at this level. Thus, overall the TCE model predi
ts a far higher disso
iation of

Oxygen. This is 
learly visible in Figure 6.12 a, whi
h is a 
entreline plot of mole fra
tion

of the two spe
ies: mole
ular and atomi
 Oxygen, at a re-entry speed of 5000 m/s. In this
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Figure 6.12: Comparison of 
entre-line plots of mole fra
tion of mole
ular and atomi


Oxygen for DSMC simulations employing TCE and Ab-initio 
hemi
al models for a) low

(U∞ = 5000 m/s) and b) high (U∞ = 10000 m/s) inlet velo
ity.


ase, it 
an be 
learly seen that the TCE model predi
ts a mu
h higher mole fra
tion of

atomi
 oxygen due to higher level of disso
iation. In 
ontrast, at higher enthalpy (U∞ =

10000 m/s), the post sho
k region 
onsists entirely of atomi
 Oxygen with the maximum

degree of disso
iation irrespe
tive of the 
hemi
al model employed (Figure 6.12 b). This

is due to the fa
t that the energy in the post sho
k region is mu
h higher than the bond

energy and thus only tra
es of mole
ular Oxygen are left.
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Figure 6.13: Comparison of 
entre-line plots of di�erent modes of temperature (Trans-

lational, Rotational and Vibrational modes) for DSMC simulations employing TCE and

Ab-initio 
hemi
al models for a) low (U∞ = 5000 m/s) and b) high (U∞ = 10000 m/s)

inlet velo
ity.
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Figure 6.14: Comparison of surfa
e heat �ux along the surfa
e of the 
ylinder for DSMC

simulations employing TCE and Ab-initio 
hemi
al models for a) low (U∞ = 5000 m/s)

and b) high (U∞ = 10000 m/s) inlet velo
ity.

In the 
ase of DSMC simulation at lower re-entry speeds, the higher degree of disso
i-

ation with the TCE model leads to lower enthalpy in the �eld and in turn lower values of

di�erent modes of temperature 
ompared to the ab-initio model. This is observed from

Figure 6.13 a). In the 
ase of DSMC simulation at higher re-entry speed, the degree of

disso
iation and the mole fra
tions of the two spe
ies predi
ted by either 
hemi
al models

are equal. Hen
e, the 
entreline temperatures (Figure 6.13 b) overlap perfe
tly.

Figure 6.14 a) and b) shows the variation of heat �ux as a fun
tion of angle subtended

at the 
entre. In the �gures, an angle of 180

◦
represents stagnation point on the surfa
e.

A dire
t 
onsequen
e of the higher degree of disso
iation is the lower heat �ux ex
hange

with the 
ylinder surfa
e as observed in the 
ase of DSMC simulation with TCE model

and lower re-entry speeds.

It 
an be 
on
luded that for very high enthalpy simulations in pure Oxygen environ-

ment, employing either the TCE model or the ab-initio 
hemi
al model will predi
t the

same �ow �eld and 
entreline properties. This inferen
e is di�erent from the study of hy-

personi
 �ow of pure Nitrogen reported in the previous se
tion[105℄, where it was observed

that at U∞ = 10000 m/s, there were signi�
ant di�eren
es in the �ow �eld mole fra
tions

of mole
ular and atomi
 nitrogen (Figure 6.4), di�erent modes of temperature (Figure

6.3) and surfa
e heat �ux as predi
ted by the two models. This is due to the shape of the

CID 
ross-se
tions for Nitrogen. In 
on
lusion, the e�e
t of di�erent set of rea
tions have


ontrasting e�e
ts on the �ow and surfa
e properties on the re-entry vehi
les as expe
ted.
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6.4 Stardust Re-entry Simulations

6.4.1 Stardust Geometry

In the previous se
tions, the e�e
t of individual disso
iation systems during hypersoni


�ow situations has been investigated. The next logi
al step is to in
lude all �ve major

spe
ies of air 
hemistry and the additional 
hemi
al rea
tions in order to simulate re-entry

�ows in realisti
 
onditions. Towards this end, hypersoni
 air �ow around the Stardust

Re-entry Capsule (SRC) are simulated at di�erent ambient 
onditions. The aim of the

Stardust mission was to 
olle
t dust samples from the 
oma of the Comet Wild 2. Unlike

the traditional re-entry 
apsules that have a blunt forebody, the Stardust re-entry vehi
le

had a more streamlined shape (Figure 6.15). The re-entry speed of the Stardust Re-entry

was also signi�
antly higher than its prede
essors. Its re-entry speed at an altitude of 100

km was in ex
ess of 12 km/s, whereas previous missions su
h as the FIRE-II mission had

re-entry speeds around 6 km/s. At altitudes above 70 km, the e�e
t of ionization rea
tions

and radiative heat transfer on the �ow physi
s for Stardust re-entry is signi�
ant. Ideally,

these e�e
ts should be in
luded when simulating su
h �ows. However, in the present

work, the fo
us is to study the e�e
t of the new ab-initio based 
hemi
al rea
tion model.

Hen
e, the simulations are restri
ted to the 
hemi
al rea
tions, while ionization rea
tions

and radiative heat transfer modelling are not in
luded. The dimensions of the Stardust

geometry are shown in Figure 6.15.

0.
34

0.31

0.5
R0.22

0.4715

Figure 6.15: Stardust Re-entry 
apsule.
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6.4.2 Ambient and Computational Variables

Simulations are 
arried out at ambient 
onditions 
orresponding to three di�erent alti-

tudes: 100 km, 80 km and 68 km. At 100 km, the ambient pressure is highly rare�ed and

a

ordingly the Knudsen number is large (>> 1). The �ow at su
h 
onditions is 
loser

to the free mole
ular �ow regime. The gas en
ounters few parti
le-parti
le 
ollisions. In

other words, the �ow is nearly 
ollision-less. In 
ontrast to this, the ambient 
onditions

at 80 km are less rare�ed and the �ow belongs to the transition �ow regime. The DSMC

method is the most suitable for simulating �ow at these 
onditions. With further de
rease

in the altitude, the ambient 
onditions of the �ow are 
loser to the 
ontinuum �ows. In


omparison to the other two altitudes, the �ow at 68 km is the densest, has a higher 
ol-

lision frequen
y and hen
e the DSMC simulations are more 
omputationally expensive.

The ambient 
onditions at the three altitudes are tabulated in Table 6.1.

Table 6.1: Ambient 
onditions at di�erent altitudes

68 km 80 km 100 km

Number Density (m

−3
) 1.60 ×1021 4.18×1020 1.19×1019

Temperature (K) 224 185 181

N2 mole fra
tion 0.7628 0.79 0.78

O2 mole fra
tion 0.2372 0.21 0.18

O mole fra
tion 0.0 0.0 0.04

U∞ (m/s) 11.9 12.8 12.8

Kn∞ 0.010 0.82 5.24

The Stardust geometry is pla
ed at the 
entre of a 1.4 m×1.6 m domain that is

dis
retized using a regular Cartesian grid. The number of 
ells in the domain are 140×160,
532×608 and 1130×1290 for DSMC simulations at 100 km, 80 km and 68 km respe
tively.

Based on heuristi
 
onsiderations, the simulation at 100 km 
ould have been 
arried

out using only 15×17 
ells, but it is 
onsidered to be too 
oarse. The time-step for

all DSMC simulations is taken to be 2.5×10−8
s. The time-step 
hosen is mu
h lower

than the mean 
ollision time at 100 km altitude to ensure that the parti
les do not 
ross

multiple 
ells in one time step. No Time Counter (NTC) and Variable Hard Sphere (VHS)

models are employed to handle 
ollisions. Temperature dependent Larsen-Borgnakke (LB)

model is implemented for both rotational and vibrational energy ex
hange. Anharmoni


vibrational levels are assumed for the mole
ules. Two simulations are implemented at ea
h

altitude employing the two 
hemi
al rea
tion models: Total Collision Energy (TCE) and

ab-initio based 
hemi
al rea
tion model. Di�use surfa
e boundary 
ondition is assumed

and the surfa
e temperature is assumed to be 
onstant at 1000 K. The simulations rea
h

steady state by 0.1 ms. A sample of 25000 time steps from the steady state is used to
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al
ulate the ma
ros
opi
 quantities using the standard kineti
 theory formulations.

6.4.3 Results and Analysis

The simulations are run on a parallelized Fortran DSMC framework on an Intel Xeon pro-


essor distributed system. The 
omputational domain for the simulations at 68 km and

80 km is divided horizontally into 24 segments. These segments are handled by individ-

ual threads or pro
essors. Ea
h pro
essor implements the DSMC algorithms for parti
les

and 
ells 
on�ned to their respe
tive partition of the domain. As the parti
les move, few

parti
les may 
ross the segment boundary and travel to the region of the domain that is

handled by a di�erent pro
essor. After every DSMC time step, the information of the

parti
les that have 
rossed the segment boundary is 
ommuni
ated with their new pro-


essors. The information is appended to the existing list of parti
les in the new pro
essor.

The DSMC simulations at 100 km altitude are 
arried out serially sin
e the grid used is

mu
h 
oarser than the other two, and hen
e these simulations are not 
omputationally

expensive. The total 
omputational run times per DSMC step for the di�erent simula-

tions after attaining the steady state is tabulated in Table 6.2. For DSMC simulations at

68 km and 80 km, the average 
omputational time shown in the table is multiplied with

the number of threads used (24 in present 
ase) in parallel implementations. An analysis

of the simulation at 80 km altitude showed that the 
ommuni
ation module took only 1.6

% of the time and thus the present algorithm is 
omputation bound. In 
omparison to

this, the movement, 
ollision and sampling took 47%, 31% and 17% 
omputational time

respe
tively.

Table 6.2: Computational run time per time-step(s)

Altitude (km) Computational time per DSMC step (s)

TCE Model Ab-initio

100 1.29024 1.3547

80 19.265 22.871

68 87.716 97.910

It is evident from the 
omputational time study that the DSMC simulations employ-

ing the TCE 
hemi
al rea
tion model are faster 
ompared to the DSMC simulations

employing the ab-initio based 
hemi
al rea
tion model. This is be
ause a higher number

of operations are used in the 
al
ulation of rea
tive 
ross-se
tion in the ab-initio based


hemi
al rea
tion model 
ompared to the TCE model. Unlike the TCE model, whi
h

uses a single analyti
al expression with just two parameters, the ab-initio model employs

a large number of �tting parameters and additional time is used for a

essing the 
orre
t
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set of parameters. Further, more 
omputationally expensive operations su
h as the expo-

nential fun
tion are employed in the 
ross-se
tion �ts.

Similar to the results of Nitrogen and Oxygen �ow over the 
ylinder, the 
hara
teristi


bow sho
k is formed in front of the re-entry geometry in all simulations. In addition to

the bow sho
k, several interesting sho
k stru
tures are generally formed in the hypersoni


re-entry �ows su
h as the stagnation on the nose of the re-entry vehi
le, thin vis
ous

boundary layer, sho
k-boundary layer intera
tions, expansion waves, re
ir
ulation zone

and stagnation region in the afterbody, vis
ous 
ore and shear re
ompression in the �ow

downstream. The degree of rarefa
tion also a�e
ts the strength and position of these

features. The streamline plots around the re-entry vehi
le 
al
ulated in the present set of

simulations shown in Figure 6.16 depi
t some of these interesting sho
k stru
tures. Figure

6.16 a) b) and 
) show the streamline patterns in the �ow around the re-entry vehi
le

at 68 km, 80 km and 100 km respe
tively in the DSMC simulations employing the TCE

model. The 
hemi
al rea
tion model has no signi�
ant e�e
t on the streamlines.
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Figure 6.16: Comparison of streamline plots for DSMC simulations a) at 68 km, b) at

80 km and 
) 100 km.

Several important inferen
es 
an be made from the 
omparison of the streamline plots.

The strength of the bow sho
k in the �ow �eld is 
onsiderably stronger at 68 km 
ompared

to that at 100 km altitude. This is evident from the sharp 
hange in the streamlines in

the 
ase of simulations at 68 km. The streamlines in the forebody of the re-entry vehi
le

at 100 km 
hange gradually. This di�eren
e in the sharpness of the sho
k is also observed

from the �ow property 
ontour plots shown in Figure 6.17, 6.18 and 6.19 (Sub�gure a), b)

and 
) are plots at 68 km, 80 km and 100 km respe
tively). In ea
h sub-�gure, the upper

part of the �gure shows the results from the ab-initio 
hemi
al rea
tion model, while the

lower part of the �gure shows results from the TCE model.
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It is noteworthy that the most striking di�eren
e in the streamline plots at the three

altitudes is the re
ir
ulation zone and the stagnation region in the downstream of the

vehi
le. The prominent re
ir
ulation zone in the �ow at 68 km is short in length whi
h

is followed by a small stagnation region lo
ated at around 0.3 m from the rear end of the

re-entry vehi
le. The length of the re
ir
ulation zone redu
es as the rarefa
tion in
reases.

The distan
e of the stagnation zone is about 0.25 m from the rear end of the re-entry

body at 80 km, while there is no 
lear re
ir
ulation zone in the �ow at 100 km. The

streamlines at 100 km look similar to potential �ow streamlines. This is due to high de-

gree of rarefa
tion in the �ow at 100 km. Similar observations have been made in DSMC

studies of rare�ed �ows in L shaped 
hannel and lid driven 
avity problems.

Air �ow analysis is an extension of the investigations 
arried out for pure Nitrogen and

Oxygen �ows over an in�nite 
ylinder detailed in the previous se
tions. It is obvious that

the observations made for the Nitrogen and Oxygen �ows are also valid in the present 
ase

of re-entry air �ows. Figures 6.20 a), b) and 
) show the 
ontour plots of translational

temperature in the domain predi
ted by the DSMC simulations with the two model at 68

km, 80 km and 100 km respe
tively. It is to be noted that the translational temperatures

predi
ted by the DSMC simulations with the TCE model are lower 
ompared to those


al
ulated by the DSMC simulation with the ab-initio 
hemi
al rea
tion model. This is

be
ause of the di�eren
e in the degree of disso
iation and ex
hange rea
tions. These dif-

feren
es are noti
eable in Figure 6.21 that shows the variation of the total density as well

as the density of ea
h individual spe
ies along the 
entreline from the inlet of the domain

to the stagnation point on the re-entry surfa
e. Figures 6.21 a), 
) and e) are 
entreline

density plots for DSMC simulations with the TCE model at 68 km, 80 km and 100 km

respe
tively whereas Figures 6.21 b), d) and f) show density plots for DSMC simulations

with the ab-initio 
hemi
al rea
tion model.

The di�eren
e in the �ow �eld temperatures and densities 
an be explained in the

following manner. The 
omposition of air is predominantly mole
ular Nitrogen whi
h

has a mole fra
tion in ex
ess of 0.72 at all three altitudes. As a result, the nitrogen

disso
iation be
omes the most in�uential rea
tion in air 
hemistry. It was found in the

previous dis
ussion on pure nitrogen �ow over an in�nite 
ylinder that at re-entry speeds

of 10000 m/s, there is a signi�
ant di�eren
e in the degree of disso
iation as predi
ted by

the two models, whi
h in turn results in a di�eren
e in the mole fra
tion of mole
ular and

atomi
 nitrogen. For the ab-initio model, there is lesser disso
iation resulting in higher

temperature. The prin
iple reason for the di�eren
e in the predi
tions is the di�eren
e

in the shape of the disso
iation 
ross-se
tions of Nitrogen mole
ules with respe
t to the

relative translational energy as 
al
ulated by the two 
hemi
al rea
tion models. The TCE
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Figure 6.17: Comparison of 
ontour plots of Pressure at a) 68 km, b) 80km and 
) 100

km using DSMC simulations employing TCE and Ab-initio 
hemi
al model
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model predi
ts a higher value of disso
iation 
ross-se
tions at a lower ro-vibrational level


ompared to the disso
iation 
ross-se
tion 
al
ulated using the ab-initio 
hemi
al rea
-

tion model. The same argument is appli
able here also. One of the dedu
tions from the

study on the Oxygen disso
iation 
hemistry was that at very high re-entry speeds, the

mole
ular oxygen undergoes 
omplete disso
iation in the vi
inity of the stagnation point.

This was predi
ted by both the 
hemi
al rea
tion models. In the present air �ow simula-

tions as well, it is found that oxygen undergoes 
omplete disso
iation and the densities of

mole
ular and atomi
 oxygen predi
ted by the two 
hemi
al rea
tion models at all three

altitudes superimpose.

Although the DSMC simulations with the TCE 
hemi
al rea
tion model predi
t lower

�ow �eld temperatures 
ompared to those predi
ted by simulations with the ab-initio


hemi
al rea
tion model, there are other subtle observations to be made. The di�eren
e

in the temperature values in the �ow obtained by the two 
hemi
al rea
tion models is

most striking for the simulations at 80 km. The maximum translational temperature in

the �ow �eld is around 54200 K and 56700 K for the TCE and ab-initio 
hemi
al rea
tion

models respe
tively. The maximum temperature is lo
ated in the sho
k front for both the


ases. In 
ontrast, the di�eren
e in the temperatures predi
ted by the two models at the

other two altitudes is less noti
eable. The ambient 
onditions at 80 km 
orresponds to

transition �ow regime. The ambient 
onditions at the other two altitudes 
orrespond to


ontrasting �ow regimes: near 
ontinuum �ow at 68 km and near free mole
ular �ow at

100 km. The reasons for 
loser agreement of temperatures predi
ted by the 
hemi
al re-

a
tion models are also 
ontrasting. In the 
ase of �ows at 100 km, the 
ollision frequen
y

is low and the �ow is almost 
ollision-less in nature. At standard temperature and pres-

sure, the 
ollision frequen
y is 7.3×109 s−1
. In 
omparison, the 
ollision frequen
y at the

ambient 
onditions at 100 km is only 2.1×103 s−1
. The low 
ollision frequen
y at 100 km

results in a highly di�used sho
k front. As the number of 
ollisions o

urring are few,

the number of 
ollisions resulting in a rea
tion are fewer. In the DSMC simulation at 100

km with the TCE model, the fra
tion of rea
ting 
ollisions is relatively higher 
ompared

to the DSMC simulation with the ab-initio 
hemi
al rea
tion model. However, as the

absolute number of 
ollisions o

urring is small, the e�e
t of the 
hemi
al rea
tion model

is in
onsequential. As a matter of fa
t, the �ow �eld predi
ted by DSMC simulation

without in
luding any 
hemi
al rea
tion model is also in 
lose agreement with the �ow

�elds predi
ted by the DSMC simulation with the two 
hemi
al rea
tion models.

In 
ontrast to �ow at 100 km, the �ow at 68 km is 
loser to 
ontinuum 
onditions. The

distribution of velo
ities in the post-sho
k region in this 
ase is 
loser to the Maxwell-

Boltzmann distribution than the distribution of velo
ities in the post-sho
k regions of

re-entry �ows at 80 km or 100 km altitude. In the previous 
hapter, it was shown that
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Figure 6.20: Comparison of 
ontour plots of Translational Temperature at a) 68 km, b)

80km and 
) 100 km using DSMC simulations employing TCE and Ab-initio 
hemi
al

model
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Figure 6.21: Comparison of line plots of Densities for DSMC simulations employing TCE

(Sub �gures a), 
) and e) for altitudes at 68 km, 80km and 100 km respe
tively) and

Ab-initio 
hemi
al model (Sub �gures b), d) and f) for altitudes at 68 km, 80km and 100

km respe
tively)
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the rea
tion rate 
oe�
ients 
al
ulated using the ab-initio 
ross-se
tions are in ex
ellent

agreement with the available experimental data. This is also true for TCE 
ross-se
tions

sin
e they are derived as a �t using the equilibrium data. Hen
e under equilibrium 
on-

ditions, both models predi
t the same rea
tion rates, a fa
t already demonstrated using

the 0-D simulations at the beginning of this 
hapter. These observations 
an be extended

to justify the �ow �eld results at 68 km where the 
onditions 
onform to equilibrium


onditions. Hen
e, the di�eren
e in the �ow �eld predi
ted by the DSMC simulation

employing the two 
hemi
al rea
tion models de
reases as 
ompared to that at 80 km. It

is noteworthy that the di�eren
es in the temperature �eld is lesser at 68 km and 100 km

as 
ompared to the di�eren
es at 80 km. It 
an be 
on
luded that modelling rea
tions

using the TCE model is more justi�ed at altitudes 68 km and lower. At 100 km, a nearly

similar re
ommendation 
an be made for entirely di�erent reasons: that the 
ollisions are

far too less to 
ause rea
tions. It has to be further 
autioned that this statement is only

valid for very high re-entry speeds only. At lower re-entry speeds, the di�eren
e in the

�ow �elds at any altitude above 60 km 
al
ulated using the two 
hemi
al rea
tion models

may result in signi�
ant disagreement.

De
rease in the degree of rea
tion leads to in
rease in the temperatures and the surfa
e

heat �ux on the vehi
le surfa
e. Figure 6.22 shows the variation of surfa
e heat �ux along

the vehi
le surfa
e with zero point on the x-axis representing the stagnation point. As the

di�eren
e in the rea
tion rates and temperatures predi
ted using the DSMC simulations

by the two 
hemi
al rea
tion models is signi�
ant at 80 km, the di�eren
e in surfa
e heat

�ux is also prominent at this altitude. The TCE 
hemi
al rea
tion model understates the

surfa
e heat �ux values. As stated earlier, it is obvious that the ab-initio 
hemi
al rea
-

tion model is more reliable than the phenomenologi
al models. Hen
e, it is re
ommended

that DSMC simulations with the ab-initio 
hemi
al rea
tion model be used for 
al
ulating

heat �ux on the surfa
e used in designing the TPS.

Nitrogen and Oxygen disso
iation have the maximum in�uen
e on air 
hemistry and

in turn on the 
onve
tive portion of the surfa
e heat �ux. It is apparent from the density

plots that the quantity of NO in the �ow is negligible when 
ompared to the 
ontribution

of the remaining 
onstituents of air. The ambient atmosphere does not 
ontain any NO. In

the sho
k region, high energy 
ollisions among the mole
ular Nitrogen and Oxygen leads

to disso
iation and formation of nas
ent Nitrogen and Oxygen. These atomi
 Nitrogen

and Oxygen 
an further 
ollide with other Oxygen and Nitrogen mole
ules respe
tively. A

fra
tion of these 
ollisions result in ex
hange rea
tions whi
h lead to formation of NO. In

the post-sho
k region, newly formed NO spe
ies 
ollide with atomi
 Nitrogen and Oxygen

and further result in ba
kward ex
hange rea
tion and depletion of NO. In addition to this,

the energy in the post sho
k region is su�
iently high for the NO mole
ule to disso
iate.
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Figure 6.22: Comparison of Surfa
e heat �ux along the surfa
e for DSMC simulations

employing TCE (Sub �gures a), 
) and e) for altitudes at 68 km, 80km and 100 km

respe
tively) and Ab-initio 
hemi
al model (Sub �gures b), d) and f) for altitudes at 68

km, 80km and 100 km respe
tively)
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Figure 6.23: Line plots of variation of fra
tion of 
ollisions leading to rea
tions along the


entreline for a) produ
tion of NO b) 
onsumption of NO.

This also leads to the rapid 
onsumption of NO. Hen
e, the maximum 
on
entration of

NO is 
on�ned to the thin sho
k front.

Figure 6.23 a) shows the 
entreline plot of fra
tion of rea
ting 
ollisions to total 
ol-

lisions for di�erent rea
tions responsible for produ
tion of NO. Similarly Figure 6.23 b)

shows the plots for 
onsumption of NO. The forward ex
hange rea
tions a

ount for pro-

du
tion for NO. Oxygen having lower disso
iation enthalpy starts to disso
iate at the

anterior of the sho
k front. This leads to availability of nas
ent Oxygen whi
h upon


ollision with mole
ular Nitrogen 
an lead to NO produ
tion. In 
ontrast, the Nitrogen

disso
iation initiates in the downstream towards the posterior of the sho
k front. It is

evident from Figure 6.23 a) that the produ
tion of NO through N+O2 →NO+O ex
hange

rea
tion is more prominent at the start of the sho
k front whereas the produ
tion through

O+N2 →NO+N ex
hange rea
tion is more prominent at the end. Figure 6.23 b) shows

that the depletion of NO is dominated by disso
iation upon 
olliding with mole
ular Ni-

trogen and Oxygen in 
omparison with the reverse Zeldovi
h rea
tions and disso
iation

with atomi
 Nitrogen and Oxygen. In the 
ase of �ow at 100 km, as explained in the

earlier se
tion, the number of 
ollisions o

urring is fewer leading to lesser 
onsumption

rate of NO in the post-sho
k region. In addition to the 
onve
tive 
omponent of the heat

�ux, radiative heat transfer be
omes vital at higher altitudes. NO has a signi�
ant role

in radiative heat transfer. Hen
e it is 
ru
ial that the ex
hange rea
tions are also prop-

erly modelled. The amount of NO formed in the sho
k front predi
ted by the ab-initio

based 
hemi
al model is greater than that predi
ted by the TCE model, espe
ially at

80 km (Figure 6.21). This di�eren
e is again be
ause of the di�eren
e in the ex
hange
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ross-se
tions predi
ted by the two models. This will lead to a di�eren
e in the amount

of radiative heat �ux on the re-entry surfa
e. Although the amount of NO is negligible in


omparison to the other air spe
ies, it is re
ommended that the ab-initio 
hemi
al rea
tion

model be preferred over the TCE model.

6.5 Summary

An ab-initio based 
hemi
al model for Dire
t Simulation Monte Carlo algorithm is for-

mulated that uses the ab-initio based CID 
ross-se
tion data. It is found that the new

model provides an ex
ellent estimate of the degree of disso
iation as a fun
tion of temper-

ature at equilibrium 
onditions in addition to the 
orre
t mat
h of equilibrium rea
tion

rates. In non-equilibrium situations, DSMC simulations with these 
ross-se
tions predi
t

a 
lear di�eren
e with the predi
tions from the simulations that use the TCE model.

This highlights the need and the utility of a more theoreti
ally a

urate model than the

phenomenologi
al models generally used in DSMC to study hypersoni
 �ows.
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Chapter 7

Summary and Future Work

7.1 Summary and Key Contributions

A brief summary of the present work is presented here. The most important 
ontribution

from this work is the development of an ab-initio 
ross-se
tion database for air 
hemistry.

All important disso
iation rea
tions in air 
hemistry have been studied extensively. The

pro
edure for development of a CID 
ross-se
tion database as a fun
tion of relative trans-

lational energy and ro-vibrational levels of the intera
ting parti
les is des
ribed. Global

potential energy surfa
es are used to 
al
ulate the rea
tion probability and the CID 
ross-

se
tion by employing the Quasi-Classi
al Traje
tory method. A key 
ontribution is the

formulation of a �tting pro
edure that 
al
ulates the CID 
ross-se
tion for the entire

range of ro-vibrational 
ombinations using a sele
ted set of CID 
ross-se
tion data and

spe
tros
opi
 data. The rea
tion rate 
al
ulated using this 
ross-se
tion mat
hes well

with available experimental data under equilibrium 
onditions for all rea
tions.

An ab-initio based 
hemi
al model for Dire
t Simulation Monte Carlo algorithm is for-

mulated that uses the ab-initio based CID 
ross-se
tion data. It is found that the proposed

model gives a good estimate of the degree of disso
iation as a fun
tion of temperature at

equilibrium 
onditions in addition to the 
orre
t mat
h of equilibrium rea
tion rates. In

non-equilibrium situations, DSMC simulations with these 
ross-se
tions predi
t rea
tion

rates and mole fra
tions that are 
learly di�erent from the predi
tions obtained from the

simulations that use the TCE model. This highlights the need for a more theoreti
ally

a

urate model that 
an repla
e the phenomenologi
al models presently used in DSMC

to study hypersoni
 �ows.

Thus, the key 
ontributions from the present work are as follows:

• A 3D parallel Dire
t Simulation Monte Carlo (DSMC) 
ode is developed and the ex-

isting elasti
 and inelasti
 
ollision models as well as the phenomenologi
al 
hemi
al

113
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rea
tion models are implemented.

• A new ab-initio 
hemi
al rea
tion model based on a stronger theoreti
al under-

standing is reported. This model is free from parameters based on phenomeno-

logi
al assumption making it superior for simulating �ows having a high degree of

non-equilibrium.

• The ab-initio model employs highly a

urate Potential Energy Surfa
es (PES). New

PESs for N3, O3, N4 and O4 systems are 
onstru
ted and published from s
rat
h us-

ing the MolCAS 
omputational 
hemistry software. PESs for the remaining systems

(N4, N2O2, N2O, NO2) are available in the literature.

• A parallel Quasi-Classi
al Traje
tory (QCT) 
ode is developed that simulates the

intera
tion between the rea
tants at the mole
ular level using PESs. A large number

of simulations are sampled using this QCT 
ode and a rea
tive 
ross-se
tion database

is 
al
ulated for the entire ro-vibrational spe
trum for important rea
tions in the �ve

spe
ies air 
hemistry model. The rea
tion 
ross-se
tion databases are then utilized

in the ab-initio based 
hemi
al rea
tion model in the DSMC algorithm.

7.2 Future Work

On further s
rutiny of the present work, it is 
lear that questions 
an be raised on the

fa
t that an a

urate 
hemi
al rea
tion model is being used for the rea
tions, while phe-

nomenologi
al models are still being used for simulating elasti
 and inelasti
 
ollisions.

The present work opens up the possibility for improving the models for su
h pro
esses

that 
an be developed on similar prin
iples as the new 
hemi
al rea
tion model.

• The present 
ollision models, su
h as the Variable Hard Sphere (VHS) and Variable

Soft Sphere (VSS) models, assume an analyti
al expression for the total 
ollision


ross-se
tion as a fun
tion of relative translational speed. These models gener-

ally employ various parameters su
h as the referen
e VHS parameter and referen
e

temperature. The value of the VHS parameter at the referen
e temperature is


al
ulated in a way that the vis
osity 
al
ulated using the assumed total 
ollision


ross-se
tion mat
hes with the experimental value of vis
osity at the parti
ular ref-

eren
e temperature. This is appropriate for DSMC simulations in near isothermal


ases. It is apparent that the vis
osity-temperature relation 
al
ulated using su
h


ross-se
tion models do not mat
h with the 
orresponding experimental relation

over a wide range of temperature. In 
ontrast, the total 
ross-se
tion database


al
ulated using the present methodology (using the QCT method on ab-initio de-

veloped PESs) is a suitable alternative that is expe
ted to resolve the question of
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vis
osity-temperature relation over the entire range of temperature. Additionally,

the total 
ollision 
ross-se
tion databases 
al
ulated using the QCT pro
edure 
an

be used to predi
t vis
osity-temperature relations of new materials where experi-

mental data are not available.

• The Larsen-Borgnakke model is widely used to simulate inelasti
 energy ex
hange

in DSMC. The parameters used in the LB model utilize the values of ma
ros
opi


quantities su
h as the translational temperature, pressure and number density. In

the 
ase of �ows with high degree of non-equilibrium, the de�nition and signi�
an
e

of temperature is questionable and the value of temperature is a mere statisti
al

quantity. Although the LB model handles inelasti
 
ollisions reasonable well in

most 
ases, it is not appropriate to to use this model in 
ase of �ows with high

degree of non-equilibrium. State-to-state inelasti
 
ross-se
tions using the QCT

method though 
omputationally expensive are 
ertainly a better alternative to the

LB model. The generation of su
h a database will require ingenuity in addition to

large 
omputational resour
es.

• Presently, models similar to the Total Collision Energy (TCE) model are employed

to simulate ionization rea
tions. The work done for generating the present set of

databases 
an be extended to in
lude su
h ionization rea
tions. However, the 
al-


ulation of the Potential Energy Surfa
es in the 
ase of ionization rea
tions will

require appre
iable e�ort.

• Several phenomenologi
al models are used to handle thermal and 
hemi
al ablation

of the surfa
e material installed on the Thermal Prote
tion System of a re-entry

vehi
le. Studying these 
omplex phenomena at mole
ular level was not feasible in

the past due to limited 
omputational resour
es. However, in the present day this

is possible. This is yet another example of a problem that 
an be 
onsidered for

modelling based on �rst prin
iples.

Additionally, the future spa
e missions will require similar 
ross-se
tion databases for

designing vehi
les re-entering atmospheres of other astronomi
al obje
ts su
h as Martian

and Venusian atmospheres. The rea
tive 
ross-se
tion databases generated have appli
a-

tions in simulation te
hniques other than DSMC. An exa
t 
hemi
al rea
tion model em-

ploying the 
ross-se
tion database, on suitable modi�
ation, 
an be introdu
ed in several

other methods su
h as the Navier-Stokes and higher order Boltzmann based Computa-

tional Fluid Dynami
s algorithms. The above mentioned problems are an extension to
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the Ph.D. work and also 
omplex standalone assignments that need to be undertaken as

a future work.
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