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Abstract

Aerothermodynamic investigations of hypersonic re-entryvehicles provides crucial in-
formation to other key disciplines as structures and materals, assisting the development
of e cient and lightweight thermal protection systems (TPS ). Under the transitional
ow regime, where chemical and thermal nonequilibrium are pedominant, the most
successful numerical method for such studies has been therect simulation Monte
Carlo (DSMC) numerical technique.

In the present work, the solver dsmcFoam has been benchmarked against exper-
imental, numerical, and theoretical data found in the open Iterature for inert and
chemically reactive ows. The Quantum-Kinetic (QK) chemistry model with a full
set of 19 chemical reactions has been implemented into the de and it proved to be
essential in the correct prediction of the shock wave struatre and heating ux to the
vehicle's surface during the re-entry phase.

Having implemented the QK chemistry model, the dsmcF oam solver was employed
to investigate thermal protection system discontinuities. These TPS discontinuities,
representative of panel-to-panel joints or the impact of mtcro meteorites/ice droplets,
were modelled as a family of cavities with di erent length-to-depth ratios. The results
showed that the cavity length has a signi cant impact on the ow eld structure and
aerodynamic surface quantities distribution inside and aound the cavities. In addition,
for L/D = 5, the ow separates at the cavity upstream lip and at taches to the cavity
bottom surface, representing a potentially catastrophic £ature under rare ed gas con-
ditions. Furthermore, the same phenomena is only observedithe continuum regime

when L/D > 14.



\Engineering is not a science. Science studies particular eents to nd general laws.
Engineering design makes use of these laws to solve partiauproblems. In this it is
more closely related to art or craft; as in art , its problems ae under-de ned, there

are many solutions, good, bad or indi erent. The art is, by a synthesis of ends and
means, to arrive at a good solution. This is a creative activiy, involving imagination,
intuition and deliberate choice",

- Sir Ove Nyquist Arup (Engineer and philosopher, 1895-1988
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Chapter 1

Introduction

Space vehicles re-entering the Earth's atmosphere may aahwe speeds of tens of km/s.
In order to slow down and reach the landing speed, the spaceaft experiences atmo-
spheric friction e ects which produce external surface temperatures as high as 1700
K, well above the melting point of steel. Although the hypersonic vehicles are built
with advanced materials and methods, its airframe is constucted using lightweight
aluminium and can only withstand temperatures ranging from 750 to 900 K without
annealing or softening. In this scenario, reliable heat skelds are required to protect the
vehicle's surface and its crew from the extremely hostile rentry environment [1].
External insulation materials as Reinforced Carbon-Carbam (RCC), Low- and High-
Temperature Reusable Surface Insulation tiles (LRSI and HFSI, respectively), and Felt
Reusable Surface Insulation (FRSI) blankets have been del@ped for such applica-
tion [2, 3]. These materials are bonded to a substract, either directt to the airframe
or to a supporting structure. For the Space Shuttle's develpment ights, more than
32,000 individual thermal protections system (TPS) tiles were used to cover the lower
and upper surfaces. The tiles are arranged in a staggered ofigned pattern in the
spacecraft surface and this can create numerous panel-toapel joints, as shown in Fig-
ure 1.1. As such, cavities, gaps, and steps are often present on thaugace of the
aerospace vehicle. The implications for engineering and dgn requirements include
the ability to account for thermal expansion and contraction of non-similar materials.
In addition, gaps may be introduced by sensor installations retro-propulsion systems,

parachute and landing gears bays, or may be caused by the imptof orbiting debris
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or near eld experiments [4{7].

Figure 1.1: (a) X-37B space plane, (b) thermal protection system airfra me (images credit:

NASA).

During the atmospheric descent through the ever-thickenig atmosphere, the hot
gases can ow through the gaps leading to increased heatinghat could exceed the
design limits of the vehicle's thermal protection system 8, 9]. Moreover, the ow
con guration becomes more complex if the vehicle structureis deformed by thermal
or mechanical loads. These loads may cause signi cant charg in the dimensions
of the cavities, gaps or steps between the thermal protectio tiles. Consequently, such
modi cations can lead to the appearance of stagnation poing, hot spots, ow separation
and attachment or it may induce an early boundary layer transition from a laminar to
turbulent conditions [10, 11].

On 1st of February 2003, the Space Shuttle Columbia experiased a catastrophic
failure during the atmospheric reentry at Mach 18 and an altitude of 61.3 km. Immedi-
ately after the accident, members of the Aerothermodynamis Branch of the NASA
Langley Research Center (LaRC) started the investigationsin order to clarify the
aerothermodynamic environment of the STS-107 ight. At that time it was known
from the telemetry data that o -nominal high temperatures had been measured by
the backside resistance temperature detectors located orhe side fuselage above the
Orbiter wing. However, it was not known if this temperature rise was the origin of the
aerodynamic heating that caused the Space Shuttle Columbidoss [L2].

Many computer simulations were carried out to support grourd based experimental

investigations for di erent Shuttle damage scenarios 13{16]. The resulting accident in-
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vestigations, led by the Columbia Accident Investigation Board (CAIB) and supported
by the NASA Accident Investigation Team (NAIT) concluded th at the most probable
cause for the loss of the Space Shuttle Columbia was a breach the thermal protec-
tion system of the leading edge of the left wing caused by a fgment of insulation
foam released from external fuel tank during the ascent. Thedamage from the strike
compromised the RCC panels on the leading edge exposing theing structure to high
energy air ow [17, 18].

This accident highlights the importance and the complexity of the study of thermal
protection systems discontinuities under reentry conditons. In addition, it indicates
that an accurate determination of aerothermodynamic loadsis a necessary requirement

for an optimal design of re-entry vehicles.

1.1 Re-entry ow regimes

Space vehicles reentering in the Earth's atmosphere undeognot only di erent veloc-
ity regimes, hypersonic, supersonic and subsonic, but alsdi erent ow regimes, free
molecular ow, transition, and continuum. Each of these ow regimes must be consid-
ered during the vehicle aerothermodynamic design. As showim Fig. 1.2 (a), important
physical interactions arise between the vehicle and its supundings during the reentry.

free molecular flow
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Figure 1.2: (a) High speed ow physical and chemical features, (b) High t emperature e ects

behind a compression shock during the atmospheric reentry [19].
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At the highest altitudes, the interaction of the vehicle wit h the atmospheric air is
characterised by the free molecular ow. In this regime, theair molecules collide and
interact with the vehicle's surface. However, collisions 6re ected particles from the
surface with freestream particles are not likely to occur.

As the vehicle enters deeper into the Earth's atmosphere, th mean free path de-
creases and collisions between patrticles re ected from theehicle surface and the in-
coming freestream particles can no longer be ignored. As a salt, the ow in this
condition de nes the transition ow regime, i.e., transiti on between the free molecular
ow regime and the continuum ow regime. In the transition o w regime, the con-
tribution of aerodynamic forces and heat ux to the vehicle surface start to increase
rapidly with decreasing altitude, causing large changes irthe aerodynamic character-
istics of the vehicle when compared with those observed in th free molecular ow.
At such altitudes, strong shock waves are formed in front of he vehicle and new ow
features such as thermodynamic and chemical nonequilibrim become important for
the correct prediction of heating rates and pressure loadsaing on the vehicle's sur-
face. As schematically shown in Figurel.2 (b), the degrees of freedom of the gas at
that particular altitude become excited (1), the molecular species may dissociate into
atoms (2) with possible gas ionisation (3) and new species arformed (4). With reac-
tions taking place during the reentry, the ow energy budget is reduced as well as the
shock bow temperature due the energy exchange between the s@ent gas molecules
and atoms. Finally, these particles interact with the spaceraft surface which requires
reliable models for accommodation coe cients, catalytic walls, and material ionisation
(5) [19].

As the vehicle continues to enter into the atmosphere, it naly reaches a dense
atmosphere characterised as the continuum ow regime. In tlis regime, the ow around
the vehicle is treated by a macroscopic model that considerghe air as a continuum
and the description of the ow is made in terms of spatial and temporal variations of
the macroscopic properties, such as velocity, pressure, dsity and temperature.

The basic criterion that determines the ow regime - collisionless, transition or

continuum - is given by the Knudsen number as follows,
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Kn = —; (1.1)
where is the mean free path travelled by particles between colligins andl is a char-
acteristic length of the body.

The identi cation of a characteristic length |, de ned in Equation 1.1, sometimes,
is not immediate. In order to circumvent this problem, a loca Knudsen number is used
instead of the overall Knudsen number. The local Knudsen nurher is de ned by the
ratio of the local mean free path, , to a characteristic length de ned by the gradient

of any macroscopic property, hence,

:5—|

Figure 1.3 presents the limits of typical mathematical formulations expressed in

| (1.2)

terms of the local Knudsen number. A ow is de ned in the continuum regime when
the Knudsen number tends to zero. On the other hand, a ow is dened in the free

molecular ow as the Knudsen number approaches in nity.

1" #$ %&' ( )+ +.$ A () S - %& ()" +$
Figure 1.3: The Knudsen number limits and ow regime classi cation (ada pted from Ref. [20]).

In the macroscopic model or continuum model, the general exgssions of the fun-
damental conservation principles that govern the motion ofgases are valid for all ow
regimes. However, these expressions do not form a system ajuations in a closed
form when the Knudsen number increases. The application ofanservation equations
requires additional information concerning the shear strgs tensor and the heat ux

vector expressed in terms of macroscopic quantities. The Har equations for inviscid
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ow assume that the ow is in local thermodynamic equilibriu m, with the velocity dis-
tribution function at any point equalling the Maxwellian di stribution function. This is
the limiting case as the Knudsen number tends to zero.

The continuum model, expressed by the Navier-Stokes-Fouerr equations, is assumed
to be valid when the Knudsen number is relatively small. In this case, the velocity
distribution function can deviate from the Maxwellian dist ribution function. However,
this deviation is still small enough such that the transport coe cients, obtained from
the Chapman-Enskog theory, are valid R1]. Usually, the terms in the Navier-Stokes-
Fourier expressions represent the conservation of linear omentum, mass, and energy
in viscous uids and they are usually applied to the study of Newtonian uids, where
the shear stress tensor is linearly proportional to the defamation rate tensor.

Boyd et al. [22, 23] have shown that the velocity distribution function diers s ig-
ni cantly from the Maxwellian distribution function for a | ocal Knudsen number Kn
> 0.05, indicating that both the Chapman-Enskog theory and the Navier-Stokes equa-
tions are no longer valid. One alternative approach to this poblem of the failure of the
Navier-Stokes equations is to perform the Chapman-Enskoggansion to a high order to
obtain the Burnett equations [24, 25]. Each level of approximation implies in a di erent
distribution function that deviates from the Maxwellian. T he interest in the Burnett
equations, based on the second order expansion of the Chapm#&nskog for solving
problems of rare ed hypersonic ows has increasedZ6{ 36]. However, the application
of the Burnett equations has presented additional di culti es with the formulation of the
boundary conditions and numerical instability [31]. In addition, the Burnett equations
increase the order of the di erential equations that govern the momentum and energy
transport in the gas. These equations are harder to solve nuerically, and fail when
the degree of rarefaction is su ciently high. The Burnett equations may not satisfy
the second law of thermodynamics in certain situations, sut as a negative dissipation
function or the presence of a heat ux in an isothermal gas 35]. Finally, references B7]
and [38] present a detailed description of the use of the Burnett eqations to solve
problems of rare ed hypersonic ow.

In the microscopic model or molecular model, the gas is tread as a collection of

particles where the position and velocity of these particle are described individually.
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Such a system requires the solution of the Boltzmann equatio [39]. Analytical solu-
tions of the Boltzmann equation are possible for collisonlss ow, i.e., when the Knudsen
number tends to in nity. However, analytical di culties ar e found for nite Knudsen
numbers. The Boltzmann equation is an integral-di erential equation with the velocity
distribution function as the only dependent variable. In contrast, the Navier-Stokes-
Fourier equations have the ow velocity and thermodynamic properties as dependent
variables. The reduction in the number of dependent variabés in the Boltzmann equa-
tion is made at the expense of increasing the number of indemelent variables from
the physical space to that of phase space. Thus, a one-dimengsal monoatomic gas
problem at steady state becomes a three-dimensional gas irhpse space.

Analytical solutions of the Boltzmann equation usually involve simple molecular
models, one independent macroscopic variable and ows witlsmall disturbances. How-
ever, rare ed hypersonic ow problems are associated with omplex physical e ects,
such as chemical reactions and thermal radiation, which ha@ not yet been incorporated
into the Boltzmann formulation. Consequently, the mathematical di culties associated
with the direct solution of the Boltzmann equation have stimulated the development
of physically-based numerical methods. Nowadays, the moswidely used technique to
compute gas ows at the molecular level and to provide solutbns to the Boltzmann
equation are the molecular dynamics method (MD) 0, 41] and the direct simulation
Monte Carlo (DSMC) method [20, 42]. For the purpose of this work, only the DSMC

method will be presented and discussed herein.

1.2 Previous work

Flows over cavities are directly related to civil and military aircraft development in early
1940's and their studies extend to the present. It is a very chllenging problem due
to complex ow characteristics such as hypersonic ow sepaation and reattachment,
increased drag and heating, noise and resonance. These pload phenomenas directly
a ect the aircraft aerodynamic performance under low or high speed ow conditions.
The rst attempt to provide detailed experimental data on cavity ows was per-
formed by Roshko B3]. Pressure and velocity was measured at side and bottom wal

for cavities length-to-depth ratios (L/D) ranging from 0.0 16 to 2.5. It was observed
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that pressure in the shallow cavities are considerably higér than those in the deeper
ones. For L/D = 1, i.e., a square cavity, the pressure at all m@surements points
was steady. Lower pressures were noticed near the centre dig walls and bottom and
high pressures at the corners, characteristics of single ale vortex. According to this
work, the formation of the vortex is caused by the de ection o part of the boundary
layer into the cavity with a high pressure region at the downdream edge. Intermittent
regions are also noticed for some values of length-to-depttatios, which were the cause
of strong pressure and velocity variations. This work preseted the rst insights into
the cavity ow eld structure and physical explanation of st able and unstable vortex
formation.

The most well known theoretical analysis on laminar separagéd ow and heat trans-
fer was conducted by Chapman 44]. In his simple theory, the air pressure in pure
laminar separations with negligible boundary layer thickness at separation was consid-
ered to include heat transfer. The ow eld consisted of a thin constant pressure viscous
mixing layer separated from the solid surface by an encloserkgion of low velocity. The
heat transfer in the separated ow region was predicted to be56% of the attached ow
value. Later, Carlson [45] attempted to improve the Chapman's theory by including the
e ects of reverse ow along the oor of the separated region usng arbitrary polynomial
pro les for velocity and enthalpy.

Larson [46] conducted experiments to provide heat transfer data for egivalent
separated and attached boundary layers, enabling a directamparison with Chapman's
predictions. Results were obtained for laminar and turbulent supersonic ow over a
wide range of Mach numbers, M = 0.3 to 4.0. The experimental rsults for laminar
ow agreed well with the Chapman's analysis; however, a coniglerable disagreement
between experiment and theory was found for turbulent ow.

Charwat et al. [47, 48] have investigated the heat transfer and pressure distribtion
features for rectangular cavities for turbulent ow at M = 2 t o 3.5. According to
the authors, a critical length-to-depth ratio exists which de nes the frontier between
\open" and \closed" cavities. The results for turbulent bou ndary layer in open cavities
indicated an increase of the heat transfer coe cients towards the reattachment point

and good agreement was found when compared with Larson's relts [46].



CHAPTER 1 INTRODUCTION 9

In the late 1960's the rst Space Shuttle concept started to ke explored and the pro-
gram formally commenced in 1972. Projected to be a reusablgace vehicle and last for
a hundred or more missions with minimal refurbishment cost449]; the accuracy on the
thermal protection systems design would prove to be of extrme importance. Many ex-
perimental and numerical studies were carried out to de ne ad develop new materials
for reusable thermal protections system that could withstand the harsh reentry envi-
ronment and to accurately predict the required spacing betveen the TPS tiles B0O{60].
Only a few of these studies will be brie y discussed below.

Bertran and Wiggs [50] have investigated experimentally the e ect of distortions,
consisting of slots, small steps and local curvatures, on #wing of hypersonic vehicles.
The e ect of distortions in the distribution of pressure and heat ux to the surface
was investigated for Mach numbers of 7 and 10, and angles of taick up to 20 degrees.
According to the results, the surface distortions had a muchsmaller e ect on local pres-
sure than on the local heating. The study showed that all the dstortions investigated
caused at least a high local increase in aerodynamic heating

Experiments on hypersonic turbulent ow over steps and cavties was conducted by
Nestler et al. [51]. The experiments considered a at plat with adjustable steps and
cavities at two di erent angles of attack and local Mach numbers of 6.3 and 8.5. It
was observed that the heat ux on the downstream step was higlkr than the heat ux
to the upstream step, since the forward-facing step acts as atagnation region for the
reattaching shear layer. In addition, relatively low heating rates were noticed for open
cavity ows; however, much higher heating rates were obsered on the cavity oor for
closed cavity ow.

A theoretical analysis of the cavity geometry e ect on the boundary layer and
heat transfer was performed by HodgsonH2]. In this study, the author showed that
the cavity depth has no e ect on the heat transfer rate to the downstream wall and
as the cavity depth is increased, the oor is subjected lowerconvective heat loads.
Furthermore, for small cavities exposed to thick boundary hyers the streamline velocity
is proportional to the width to the power of 1/3; and the heat t ransfer rate for a given
depth-to-length ratio is proportional to the width to the po wer of 1/4.

Based on the available literature p1{63], high speed ows over cavities may be
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classi ed in four types. These four types appear to be primaily a function of the cavity

length-to-depth ratio (L/D), as shown in Fig. 1.4 and are brie y described below:

Gap (L/D < 1): The rst ow type occurs for very short or deep cavities. T he
induced shearing provokes the main ow to develop a column otounter rotating
vortices inside the gap and hot spots occur when the vorticeslirectionally align

and impinge on the sidewall.

Open cavity (1 < L/D < 10): The mainstream ow does not enter the cavity
directly and the high pressures ahead of the rear face and lowressure region
downstream of the front face cause the shear layer to ow overor bridge the
cavity. A weak shock wave may form near the downstream lip as aesult of the
ow being compressed by the shear layer and heat uxes slowlyncrease at this
region. The pressure coe cients over the cavity oor are slightly positive and
relatively uniform with a small adverse gradient occurring ahead of the rear face

due the shear layer reattachment on the outer edge of this fae

Transitional cavity (10 < L/D < 14): Typically characterised by unsteady ow
behaviour since it alternates between an open and closed d&y In this case, the
shear layer turns through an angle to exit from the cavity concident with the
impingement shock and the exit shock collapsing into a sing wave. A pressure
plateau is observed in the reattachment region and a uniformpressure increase
from the low values in the region aft of the front face with pe& values on the

rear face.

Close cavity (L/D > 14): In this case, the shear layer separates from the upstrea
cavity lip, reattaches at some point on the cavity oor, and t hen separates again
before reaching the cavity rear face. Two distinct separatn regions are formed,
one downstream of the forward face and one upstream of the redace. The
cavity oor pressure distribution consists of low pressures in the separation re-
gion followed by an increase in pressure and pressure plateaoccurring in the
reattachment region. The local ow over the cavity front and rear faces are very

similar to the ows over reward-facing and forward-facing geps, respectively.
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Figure 1.4: Cavity ow eld structure in the continuum regime [ 63].

In response to the Space Shuttle Columbia accident, a thermaprotection system
damage assessment, which involved the development and maemance of physics-based
computer models for TPS damages, was created following CAlBecommendations 7,
17]. The main idea was to detect possible surfaces damage, aait detailed images
from the vehicle TPS when connected to the International Spae Station and then
perform fast simulations with simpli ed representations of the cavity damage site. As
a result of their recommendations, a large number of reseahcstudies on cavity ows
were performed B4 70].

Computational aerothermodynamic simulations of the spaceshuttle orbiter wind-
side tile damage was performed by Pulsonetti and Woods6g]. The tile damage was

simulated by a missing RCC panel and the results were compatewith wind tunnel



CHAPTER 1 INTRODUCTION 12

data. According to the authors, the peak heating bump factoss, de ned as the local
heating to a reference value upstream of the cavity, on the caty oor for simulations
were 67% larger than the peak wind tunnel values. On the dowrtseam face of the
cavity the ight simulation values were 60% larger than the wind tunnel values. The
higher heating bump factors observed in the ight simulations were due to the larger
driving potential in terms of energy entering the cavity.

Everhart et al. [70] conducted a combined computational and experimental stug
on open and closed cavity geometries to assess the Space StlutColumbia accident.
For open cavities, no appreciable heat ux rise was observedt the cavity oor; how-
ever, signi cant heat augmentation was noticed when the caity depth was increased.
Closed cavities results were characterised by highly vortal regions promoting signi -
cant energy transfer not only to the cavity oor from the exte rnal stream, but also to
the endwall and the surrounding side and downstream surface

Cavity ow regimes are generally de ned in terms of the length-to-depth (L/D)
ratio. However, there are other parameters that can a ect the exact value of L/D
ratio. These parameters include Mach number, angle of attat, presence of chemical
reactions, cavity width, and ow regimes which can vary from laminar to turbulent
and from continuum to rare ed regimes. The complexity of cavity ows as well as
the ow eld structure characterisation and pressure load and heating rates prediction
are clearly highlighted in many areas of the previous reseah. In this way, further
investigations are necessary for a better understanding athis problem under rare ed

gas conditions.

1.3 Project objectives

The objective of this project is to investigate the impact of discontinuities or imperfec-
tions on the Orion Command Module surface during the atmospleric re-entry phase. A
detailed study is performed in order to assess the impact ofaacting and inert ows on
the ow eld structure and on the aerodynamic surface quantities inside and around the
TPS discontinuities. In this work, the ow eld structure is de ned by the distribution

of the primary properties, such as velocity, density, pressre, and the kinetic tempera-

ture, adjacent to the vehicle surfaces. Aerodynamic surfag quantities are identi ed by
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the heat ux, and the normal and tangential forces acting on the vehicle surface.

In the present study, discontinuities or imperfections aremodelled by cavities sit-
uated in a hypersonic ow at a su ciently high altitude where the appropriate mean
free path becomes large for the use of the continuum hypothésbut not large enough
for applying free molecular concept. In order to assess theverall performance of these
cavities, a study related to the e ects of the length-to-depth (L/D) ratios are explored.
In pursuit of this goal, three-dimensional hypersonic caviy ows are be investigated
by employing the direct simulation Monte Carlo (DSMC) method.

The application of the DSMC method has been aimed primarily & the transition
ow regime, which is characterised by Knudsen numbers that ae above the upper limit
for the validity of the Navier-Stokes-Fourier equations but below the level at which
the ow falls into the free molecular ow regime. In the transition ow regime, the
aerodynamic heating and the forces acting on the vehicle staces are highly sensitive
to the degree of rarefaction. Therefore, attempts are maded isolate the sensitivity of
the thermal and pressure loads for di erent Knudsen numbers ly changing the cavity
L/D ratio.

The main objectives of this thesis are described below:

Veri cation and validation of the dsmcFoam solver for rare ed hypersonic non-

reacting ows over simple and complex geometries;

Implementation of the Quantum-Kinetic (Q-K) chemistry mod el into the dsmc-
Foam code in order to improve the heating rates and pressure loadsalculations

during reentry phase;

Veri cation and validation of the dsmcFoamsolver for rare ed hypersonic reacting

ows applied to real cases of atmospheric reentry;

Study of thermal protection system discontinuities under the transitional regime.
For the rst time, multi-dimensional cavity ows have been i nvestigated taking

into account rare ed hypersonic reacting and non-reactingconditions ow;

Categorisation of cavity length-to-depth (L/D) ratios for hypersonic ows in the

transition-continuum regimes.
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1.4 Thesis outline

In Chapter 2 the DSMC method used to perform all of the simulatons in this thesis
is discussed. The basic DSMC algorithm and the physical mode implemented in the
dsmcFoam code are described. The \Quantum Kinetic" chemistry model implemen-
tation in dsmcF oam is explained in detalil.

Chapter 3 address the veri cation and validation of the dsmcFoam code for the
intended research purpose. In the veri cation process, simlations are performed to
certify that correct DSMC procedures are respected. For thevalidation procedure,
dsmcF oam results for reacting and inert ows over simple and complex g@ometries are
compared with experimental, analytic, and numerical resuts available in the current
literature.

The ow eld structure and aerodynamic surface quantities for the Orion Command
Module are studied in Chapter 4 using the assumption of a smab surface heat shield.
Next, surface discontinuities of di erent length-to-depth ratio are introduced at the
Orion thermal protection system and their aerothermodynarmic impact on the capsule
are analysed.

The key ndings of this research are presented in Chapter 5 tgether with a discus-

sion of future work.



Chapter 2

Computational Method

2.1 The direct simulation Monte Carlo method

The direct simulation Monte Carlo method (DSMC) was almost exclusively developed
by Bird [20] between 1960 and 1980 and has become one of the most importamu-
merical techniques for solving rare ed gas ows in the transtion regime. The DSMC
method is based on physical concepts of rare ed gases and ohd physical assumptions
that form the basis for the derivation of the Boltzmann equation [39]. However, the
DSMC method is not derived directly from the Boltzmann equation. As both, the
DSMC method and the Boltzmann equation are based on classit&inetic theory, then
the DSMC method is subject to the same restrictions of the Bazmann equation, i.e.,
assumption of molecular chaos and restrictions related to dute gases.

The DSMC method models the ow as a collection of particles ormolecules. Each
particle has a position, velocity and internal energy. The sate of the particle is stored
and modi ed with the time as the particles move, collide and interact with the surface
in the simulated physical domain. The assumption of dilute gs (where the mean
molecular diameter is much smaller than the mean molecular gace in the gas) allows
the molecular motion to be decoupled from the molecular coisions. The particles
movement is modelled deterministically, while collisionsare treated statistically. Since
it is impossible to simulate the real number of particles in the computational domain,
a small number of representative particles are used and eacbne represents a large

number of real particles. Simulations can vary from thousanls to millions of DSMC

15
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simulators particles in rare ed ow problems.

A computational grid, representing the physical space to banvestigated, is required
for the method execution. Each cell provides a convenient fference for the sampling
of the macroscopic gas properties and for the choice of the pential collision pairs.

The linear dimensions of the cells should be small in compason with the length
of the macroscopic ow gradients normal to the streamwise diections, which means
that the cell dimensions should be the order of or smaller tha the local mean free
path [20, 71, 72]. An additional requirement of the DSMC method is related to the
minimum number of simulated particles in the cells. As mentoned earlier, the DSMC
method uses the a cell-based system for the sampling of the ra@scopic properties and
for the selection of collision partners. As the collision r&e is a function of the number
of particles in the cells, it is desirable that each cell has lte largest possible number
of particles. However, the possible number of collision pdners is a function of the
number of particles in each cell. In this scenario, the grear the number of particles,
the greater is the number of possible collision pairs. As a mult, it is necessary to
determine the optimum number of particles in each cell; enogh to promote statistical
accuracy while maintaining realistic computational experditure.

In order to solve this conict, Bird [ 73] introduced the option of subdividing the
cells into an arbitrary number of sub-cells for the selectio of collision pairs. This
procedure improves the accuracy of the method by ensuring tht collisions occur only
between near neighbour particles. Thus, it is desirable thaeach cell has a minimum
number around 20 to 30 particles 20].

Another requirement of the DSMC method is the setting of an appropriate time
step t. The trajectories of the particles in physical space are caulated under the
assumption of the decoupling between the particle motion ad the intermolecular col-
lisions. The time step should be chosen to be su ciently smal in comparison with the

local mean collision time [/4, 75)].
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2.1.1 Basic algorithm of the DSMC method

The DSMC algorithm can be conveniently divided in four individual steps: (1) move
particles over the time step t; (2) apply boundary conditions such as introducing new
particles at in ow boundaries, removing particles at out o w boundaries, and processing
re ections at solid boundaries; (3) sort particles into cels and calculate collisions; and
(4) sample average particle information. Figure2.1 show the basic algorithm followed

by all DSMC solvers.

Figure 2.1:  Flowchart of the standard DSMC algorithm.

The computational domain is initialised under the assumption of thermodynamic
equilibrium based on the freestream conditions in the physial space. The density,
temperature, velocity and internal energy of particles enkering in the computational

domain during each time step are speci ed according to a know boundary conditions.
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The velocity of a simulated particle is assumed as a linear gabination of the thermal
velocity and the freestream velocity. The boundary conditions corresponding to the
desired ow are imposed at the time zero. A steady ow is estallished after a su ciently
large time has elapsed, and the desired steady result is a tiemaverage of all values
calculated after reaching steady state.

After de ning the position and velocity, all particles are m oved through distances
appropriate to their velocity components and the size of thetime step. After moving
the particles, their location in the computational domain is determined. This can
be obtained in di erent ways. For Cartesian grids, the new paticle position is readily
identi ed, and the destination cell is computed by using the indexing scheme de ned by
Bird [20]. For structured and unstructured grids, particle location schemes are outlined
in Refs. [76{78] and for more complex computational grids, such as hexahedi or
tetrahedral, di erent techniques can be used to determine the particle position [79{81].
Having de ned the new location, appropriate actions are taken for particles crossing
boundaries which represent solid surfaces, symmetry plaiseor inlets and outlets.

Particles leaving the computational domain are removed fron the ow when the
boundary is de ned as vacuum and new particles are introduce into the computational
domain for boundaries considered as ow patches. Collisios with surfaces can be
treated as specular, diuse or a combination of these two typs. The treatment of
particle-surface interaction requires the application ofthe conservation laws and the
application of Maxwellian velocity distribution function . Such treatment allows the
DSMC method to be extended to include physical e ects such astemical reactions,
catalytic walls, radiation e ects, and ionised ows without major changes in the basic
algorithm.

After determining the new location of the particles, they should be indexed by
cell location for the two subsequent steps: calculation ofritermolecular collisions and
sampling of the ow eld. For the selection and calculation of intermolecular collisions,
each cell is de ned in a index system such that all other partcles in the cell can be
assessed through a cross-reference list. An e cient indexig scheme was introduced by
Bird [42] in the original DSMC algorithm.

In the next step, intermolecular collisions are consideredn a probabilistic manner in
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contrast to the deterministic treatment that characterised the ballistic motion. In doing
so, several di erent collision modelling schemes have beenrmulated and applied in the
DSMC method. Among them, the Time-Counter (TC) technique [42], Null-Collision
(NC) technique [82, 83], No-Time-Counter (NTC) [ 84], and the generalised scheme3p]
of the NTC technique. The NTC scheme proposed by Bird 4] is the dominant scheme
in the DSMC approach and will be described in further detail in the following sections.

The collision procedure takes place in a cell-by-cell basisTherefore, the time step,
the cell volume and the number of particles on the cell, are paameters that determine
the number of possible pairs of candidate particles in the diision process. The pairs
of particles are chosen randomly with the restriction that the mean separation between
them be a fraction of the mean free path. This restriction is mposed by selecting
collision pairs from the list of particles in the subcell. The DSMC method evaluates
individual collisions on a probabilistic basis, conservig mass, momentum and energy
during the collisions.

Finally, the current description is completed by considering the sampling process of
the macroscopic ow properties. These properties densityyelocity, temperature and
pressure are computed by appropriate average of the microspic state of particles in

each cell.

2.1.2 Physical models of the DSMC method

The most frequently used physical models implemented in DS calculations for hy-
personic reentry ows are presented in this section. The mai goal is to describe
the basics ideas of the physical phenomena modelling inclirdy boundary conditions,
molecular and collision models, rotational and vibrationd energy exchange, and chem-

ical reactions.

Boundary conditions

In gas dynamic problems there are basically two types of boutary conditions: those
speci ed by the freestream macroscopic properties, and thee de ned by the physical
behaviour of a solid surface that interacts with the particles.

In the molecular-discrete approach, the rst boundary type deals with the inlet and
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outlet of particles through a given boundary. The main idea d the inlet procedure is
to de ne the ux and thermal state of the molecules that are moving into the simu-
lated domain. Particles are inserted at the inlet boundaries based on the equilibrium

Maxwellian number ux across a boundary Ny, :

Nin

Nin = W[me s’cos® )+ s cos (1+ erf (s cos))]; (2.1)
with
- 1=
— m : (2.2)
and
s= co (2.3)

where the subscriptin denotes properties at an inlet and is the angle between the
velocity vector ¢, and the inlet.

The outlet procedure simply consists in removing the partides that leave the do-
main. Obviously, both procedures must be consistent with tte desired ow conditions.

The second boundary type treats the gas-surface interactios, which can modify the
thermal state of the impinging particles. The in uence of the gas-surface interaction
model on the aerodynamic forces and heat transfer increasesgni cantly as the gas
rarefaction increases and plays an important role in hypersnic aerothermodynamics
calculations [86].

The rst gas-surface interaction model for kinetic theory was proposed by Maxwell
in 1879 B7]. In this model, two types of interactions are considered: pecular and
diuse. Specular re ection is perfectly elastic with the particle velocity component
normal to the surface being reversed, while those parallela the surface remain un-
changed. Thus, the angle of re ection is the same as the anglef incidence. Usually,
the specular boundary condition is considered to represena perfectly smooth surface
or symmetry plane.

A diuse re ection represents a microscopically rough surface in which the parti-

cle's post-interaction velocity is not related to its pre-interaction velocity. The post-
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interaction velocity is computed based on thermal equilibium with the local surface
temperature and the direction of the velocity vector is chogn with equal probability
in all directions according to the Maxwellian distribution function. In the di use gas-
surface interaction model just a single accommodation coecient is required and the
scattering angle is independent of the particle's incomingangle. A schematic view of
the di use and specular gas-surface interactions is shown iifrig. 2.2 (a).
Accommodation coe cients depend upon the uid, surface material and surface
roughness. Theoretical and experimental works have showrB8 90] that when parti-
cles are re ected from a solid surface the show evidence of argferential direction of
re ection resulting in an o set elliptical scattering distr ibution as shown in Fig. 2.2 (b).
This behaviour is poorly represented by the Maxwell model ad in order circumvent this
issue, a phenomenological model was proposed by Cercignamd Lampis in 1971 pP1].
The Cercignani-Lampis (CL) model is based on the de nition d the coe cients
and . that represent the accommodation coe cients for the kinetic energy associated
with the normal and tangential components of velocity. In addition, the scattering
angle is always a function of the incoming particle angle. Tis model is relatively simple
and has been shown a good agreement when compared with expagntal results [92].
A DSMC application of the CL model was proposed by Lord P3] in 1990 through a
relatively simple algorithm. In addition, Lord later exten ded the CLL model to account
for rotational and vibrational energy exchange at the surface along with the capability
to have di use re ections with incomplete energy accommodaiton [94, 95]. The CLL
model is currently implemented in the dsmcFoam code and the validation process is

available in Ref. [96].
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Figure 2.2: (a) Maxwell's di use and specular gas-surface interaction models, and (b) Cercignani-

Lampis-Lord gas-surface interaction model.

Molecular model

The particle's behaviour during the collision process depeds upon the choice of the
intermolecular force eld. A simple molecular model that is accurate enough for the
majority of hypersonic calculations is the inverse power lav. In this model, the inter-

molecular force is modelled as the inverse of the repulsiveower force as follows,

Fn = ; (2.4)

wherer is the distance between the particles involved in the colli;on and C and are
constants. In addition, the model proposed in Eq.2.4 corresponds to a Maxwellian gas
for =5 and the Hard Sphere model (HS) is obtained by setting !1 . In hypersonic
ow simulations, millions or billions of particles/molecu les are considered and a simple
molecular model is required for engineering purposes. In ik scenario, the HS model
is the simplest and most computationally-e cient alternat ive.

In the HS molecular model, the collision cross section is irariant for a single gas
specie. The scattering angle is isotropic and the post-cadlion relative velocity is sam-
pled to form a uniform solid angle distribution. Nevertheless, the HS molecular model
is not realistic, since the total collision cross-section  does not depend on the relative
velocity of the pair of particles involved in the collision process. When the intermolec-
ular potential law is given by Eq. 2.4, the theory of Chapman-Enskog provides a direct

relationship between the coe cient of viscosity and the gastemperature given by,
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/| T (2.5)

where! =1/2( +3)/( -1) and represents a free parameter.

According to Eg. 2.5, the coe cient of viscosity has a xed temperature exponent.
This exponent is 1 for the Maxwell model and 0.5 for the HS mode HS and Maxwell
models are applied for theoretical gases that can be consided as the limiting cases for
the behaviour of a real gas where the temperature exponent reges from 0.6 to 0.9.

Alternative molecular models, based on the HS model, have len proposed. These
models have proven very successful at computationally e cently reproducing the cor-
rect viscosity of a gas. The rst alternative model was the Variable Hard Sphere (VHS)
model proposed by Bird P7]. The VHS model treats particles as \hard-spheres" with
respect to the distribution of the scattering angle, i.e., dl directions are equally possible
for the post-collision velocity in a reference frame basedrothe centre of mass. More-
over, the total cross-section T varies with the relative speed of colliding particles. The
VHS model has been the most popular molecular model used in DMBC applications.

In the VHS model, the collision cross-section is de ned as,

by
d?/ %mrq2 ; (2.6)
where m, represents the reduced mass;; the relative speed of colliding particles and
I an exponent to be de ned subsequently.
The collision cross section varies with temperature and the relative speed between

the patrticles,

A G (2.7)

A comparison of Egs.2.6 and 2.7 shows that! is related to the exponent of the

inverse power law molecular force as follows:

= = (2.8)

where! is equal to zero for the HS model, 1/4 for the inverse power lanmodel, and

1/2 for the Maxwell model.
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For a gas in thermodynamic equilibrium, the collision crosssection is inversely
proportional to the temperature to the power ! ,

T

= . 2
ref Tref ( 9)

The reference value for the cross-section is based on a refece temperature Tes .
For a non-equilibrium gas the collision energy should be ugk and Eq. 2.6 may be
written as:

oy

= e cﬁi : (2.10)
The mean collision energy in an equilibrium gas at temperatwe T is:
!
1— 2

smiE=2 —= keT=(2 )T, (2.11)

where wherekg is the Boltzmann constant. The Egs. 2.10 and 2.11 can then be

combined as follows

m, ¢?
22 )T e

(2.12)

Koura and Matsumoto [98, 99 further improved the VHS model and introduced
the Variable Soft Sphere (VSS) molecular model. The VSS modeonsiders anisotropic
post-collision scattering. The second parameter introdued by the post-collision scat-
tering dynamic in the VSS model is chosen in order to reprodue correctly the real
viscosity and di usion coe cients of the gases. Hassan and Hah [L0Q introduced the
Generalized Hard Sphere (GHS) molecular model. The GHS motellar model takes
into account both attractive and repulsive parts of the particle-particle interaction.
Since the GHS model can reproduce the e ects of the attractiveportion of an interac-
tion potential, then the model is suitable to simulate low temperature ows that are

dominated by attractive collisions [101, 102 and are di usion-driven.
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Collision model

There are a number of techniques for simulating collisionsni the DSMC method. Among
them, the Time Counter (TC) [ 42], Null Collision (NC) [ 82, 83], NTC method [84], and
the Generalised Scheme8p]. Bird's NTC technique is the most widely used collision
scheme and it will be discussed here.

The establishment of the correct collision rate is essentiain the DSMC approach.
From the kinetic theory, it can be shown that the number of collisions (N¢o) pairs to
be simulated in a cell over the time step4 t is as follows:

INN(Tc)4 t

Necon = 2 V. ; (2.13)

where n is the number density, N is the number of particles in the cell, 1 is the
collision cross section, and:; is the relative velocity.

In order to determine the total number of collisions during the time step 4 t, the
average product of the mean relative velocityc, and the collision cross section + must
be calculated for all possible collision pairs. For such callations, the numerical code
that employs this procedure would have a computational timeproportional to N2. In
order to overcome this issue, Bird 42] introduced the parameter ( 1¢ )max Where the
subscript max denotes the largest value for the product in the cell and it stould be
updated during a binary collision if the real product tc¢. were greater than ( ¢ )max -
In addition, the parameter ( TC )max IS Used to determine a real collision according to

the following operations:

1. A pair of particles is randomly chosen within a cell volume

2. The product of the mean relative velocity ¢; and the collision cross T for the

colliding pair is calculated;
3. If the product ¢ is greater than ( 1¢ )max, the maximum value is updated;

4. The probability of a collision occuring is given by:

TG

Peo) = —mMmM—
coll ( TC)max

(2.14)
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if the probability Pcqy is greater than R;, then the pair of particles is accepted for
collision, whereR; is a uniform random number ranging from 0 to 1. Otherwise,
a new pair is randomly chosen and the procedure is repeated. His acceptance-
rejection method to select the collision pair of particles § described in detail by

Bird [20].

5. If the pair of particles is accepted for the collision proess, then cell time is

advanced by an increment t by setting N¢oy = 1,

2 .
Nn rtc’

(2.15)

6. The number of collisions are calculated in the cell until he sum of t is slightly
larger than the time step 4t. The procedure describe above is called Time

Counter (TC) and it was proposed by Bird in 1976 [42].

Despite reproducing the correct non-equilibrium collision rate with an optimal com-
putational performance, the TC technique can lead to some poblems under extreme
nonequilibrium conditions, such as in strong shock waves. fie acceptance of low prob-
ability collisions, i.e., pairs with a small value of ¢, results in large t values. Con-
sequently, the time increment sum can exceed! t by unacceptable amounts. From a
computational aspect, as reported by Bagano and McDonald 03], the total number
of simulated collisions may be very di erent from one cell to aother. Besides, this
number is unknown until time step 4 t is determined. Such an implementation makes
the numerical vectorisation of the collision procedure a dicult task.

In order to overcome this problem, Bird [84] proposed the collision model named
No Timer Counter (NTC). NTC and TC techniques have the same sdection rule for
the collision pair, which is based on the acceptance-rejeitn method; however, in the
NTC technigue the maximum number N of collisions to be selected ove# t in a cell
is set before the selection of the colliding pairs. In this ne collision method, the time
count is replaced by an explicit dependence oy on the time step, i.e., the number
of collisions does not dependent on the choice of pairs or picular values of tc:. In

this new approach, this number of collisions is given by:
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1NWFN( TC)max 4 t

coll = > Vs ;

where Fy is the number of real molecules represented by each simulatemolecule, N

(2.16)

is the number of particles within a cell, and N is a mean value of N. The collision
probability for each chosen pair is given by Eq.2.14 Additional information about the
NTC method are available in Ref. [20].

Usually, in the dilute gases, the intermolecular collisiors are considered as a binary
process. In addition, an elastic collision is de ned as oneni which there is no exchange
of energy between the translational and internal modes. Thepre-collision velocities of
two colliding particles may be denoted byc; and ¢, as shown in Fig.2.3. If the physical
properties and trajectories of these particles are known, lte post-collision velocitiesc,
and c, can be determined. In order to determine the post-collisiorvelocities, the linear

momentum and energy must be conserved in the during collisio,

M1Cy + M2Cy = M1Cq + M2Cy = (M1 + M2)Cry; (2.17)

M1C2 + MyCs = M1Cy2 + MuCy; (2.18)

where m; and m, are the mass of the two particles selected for the collision nocess,

and cn, is the velocity of the centre of mass of the two particles as fitows,

_ MmMqC1+ MpCo _ MjCqy + M2C, .

Cm = 2.19
m mi+ mo mi+ My ( )

Equation 2.17 shows that the velocity of the centre of mass does not changeith the
collision process. In this way, the pre- and post-collisionvalues of the relative velocity

between the particles can be de ned by:

Cr=C C» C, = C; Co; (2.20)

Equations 2.17 and 2.20 may be combined to provide the following expressions:

m m
Ci=Cmt 72@ Co> = Cm 72@: (2.21)
mjp + mp my+ mp

Similarly, the post-collision components are de ned by:
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m m
€= Cm+ —2>—c, C,= Cnm —2—c,: (2.22)
mi+ Mo mi+ mp

It is assumed that particles are centres of force, i.e., thedrce between them acts
only between their centres. As a result, throughout the colision, the intermolecular
force and trajectories remain in the same plane that was prewously determined by the
pre-collision velocities.

The energy conservation equation, Eq.2.18 can be rewritten by using Egs.2.21

and 2.22 as follows,

M1c] + MaCs = (Mg + my)ch, + M (2.23)

M1G? + Mac? = (M1 + Ma)ch + MG, (2.24)

wherem, , called the reduced mass, is given by,

mim
m = ——2: (2.25)
mi+ mo

A comparison between the Eqs2.23and 2.24 with Eq. 2.18 shows that the mag-

nitude of the relative velocity does not change in the colligon process, i.e.,

C, = Cr: (2.26)

Since cy, and ¢, can be calculated from the pre-collision velocities, the drmi-
nation of post-collision velocities reduces the calculatin to a determination of the
post-collision relative velocity vector.. If F is the force between two spherically sym-
metric point centres of force of between the particles, and; and r, are their position

vectors, then the equations of motion of the particles are agollows,

mqeq = F; (227)

mgeo,= F; (2.28)

Combining last two equations,
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mima@1 P2)=(my+ my)F (2.29)

Considering relative velocity asc, = r; - rp = r, then

mer=F (2.30)

The motion of the particle of mass my relative to the particle of mass ny is equivalent
to the motion of the particle of mass m relative to the xed centre of force. For
completeness, the results discussed above are summarisedHig. 2.3. Based on this
gure, the transformation from the centre of mass coordinate system changes the three-
dimensional trajectories into two-dimensional trajectories, which are symmetrical about

the apse line AA'.

A

Ay
'

Figure 2.3: Schematic of the binary collisions. a) Representation of a planar collision. b) Binary
collision in the center of mass frame of reference, and c) Interaction of reduced mass particle with

a xed scattering centre. [ 20].

The trajectories of the two particles are reduced to one in tte further transformation

to the reduced mass frame of reference and this trajectory mains symmetrical about
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the transformed apse line which passes through the scatterg centre O. This symme-
try re ects the equation symmetry with respect to the pre-collision and post-collision

velocities.

Rotational and vibrational energy exchange

The thermal nonequilibrium may have a signi cant in uence o n the amount of chemical
reactions produced during atmospheric entry. In this scendo, it is of great importance

that the model used in the energy exchange between kinetic ahinternal modes be
physically realistic. For polyatomic gases, the energy extange can not be computed
accurately using a simple collision model.

The internal energy transfer between the various modes is wmlly implemented
into the DSMC method by the phenomenological model introdued by Borgnakke and
Larsen [L04]. In this model, the probability of an inelastic collision determines the
rate at which energy is transferred between translational ad rotational mode after
an inelastic collision. A fraction ' of the translational collisions are assumed to be
inelastic, and the rest of collisions (1 -' ) are considered as elastic. The fraction can
be interpreted as the average probability of the energy excange between rotational or
vibrational modes for translational collisions.

This average probability can be determined from measuremds of relaxation times.
The relaxation time is a function of local ow properties and may be related to the
relaxation number (or collision number) Z. The relaxation or collision number Z is

usually de ned by:

Z=—; (2.31)

o

where is the relaxation time and . is the mean collision time. The collision number
is the average number of molecular collisions that are requéd for a particular mode
to attain equilibrium energy. Therefore, given this number, the average probability '
for each mode in a given collision is conveniently de ned as,

1

‘= z: (232)
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Usually, DSMC calculations employ the rotational collision number Z,ot = 5. In
other words, it means that, on average, the rotational energ relaxation occurs once
every ve collisions. In general, this is a good approximaton for engineering problems;
however, more realistic models for rotational collision number as a function of the
translational temperature or translational energy have besn proposed 105{107].

Lumpkin etal: [108 have noted that the mechanisms of energy transfer used in
DSMC calculations a ect the energy transfer rate. According to them, the value of
the collision number used in the DSMC should be approximatet half of that deter-
mined experimentally and employed in a continuum computatons. In this scenario,
the following equation should be applied:

Zcont

ZReMe = T o (2.33)
+ _fot_

tra

where ot and 5 are the degrees of freedom for rotational and translationaknergy,
respectively.

The vibrational modes of a gas are activated when the partiats that compose the
uid are su ciently excited. This situation may occurs in th e presence of strong com-
pressibility e ects and high temperatures regions provokedby shock waves. In DSMC
calculations, it is commonly accepted that the vibrational energy can only assume dis-
crete quantum levels, as proposed by Haastal: [109] and Bergemann and Boyd 110].
In the present account, the vibrational energy redistribution occurs before rotational
and translational energy exchange and a serial applicatiorof the quantum Larsen-
Borgnakke method is considered here. In addition, as two pdicles p and g selected for
collisions have no knowledge of the surrounding temperatug; avoiding in this way the
use of the macroscopic temperature, a \quantised collisiotemperature”, T ¢, based on

the collision energy of the particle pair is de ned as:

Te= MY, (2.34)

2
where

imax = kB ; (235)



CHAPTER 2 COMPUTATIONAL METHOD 32

and b...c denotes truncation, inax is the maximum quantum level available to the parti-
cle,  represents characteristic vibrational temperature of thespecies in questionkg
is the Boltzmann constant, ! is the temperature exponent of viscosity, E is the sum of
the relative translational energy of the colliding pair and the pre-collision vibrational

energy of the particle under consideration, i.e.

Ec= "trappg + "vip: (2.36)
The vibrational collision number Z, can then be calculated 111] as:

#

e —_— 1= 1; 2.37
P TC TZ ref , ( )

W=

where 4 represents the characteristic dissociation temperatureand Z.¢; is the vibra-

tional collision number at a reference temperature which is usually taken to be

ref 71

the characteristic vibrational temperature, , as cited in Ref. [L12],
I

Cy 1=3
T EXp CoT o (2.38)
Zref

where G, and C, are constants which can be found in Appendix A of Ref. 20], and
Tz, issetas .
Once the vibrational collision number has been calculatedthe particle is tested for

vibrational energy exchange and is accepted if

1
Zvib

> Rf ; (2.39)

where R is a random number between 0 and 1. An integer post-collisiorvibrational
quantum level i is chosen uniformly between O and the maximum possible leve},,,
and the acceptance-rejection method is used to select a vatuof i using a quantised

version of the Larsen-Borgnakke probability ratio [110:

Pmax EC

32 I g

(2.40)

where ! q is the average viscosity exponent of the collision paip and g. The total

energy of the colliding pair is reduced accordingly and paiitle p is then considered for
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relaxation into rotational and translational modes using the standard Larsen-Borgnakke
method.

When particles are initialised using dsmclnitialise, introduced at a freestream bound-
ary, or re ected at a di use surface, they must be assigned a vbrational energy. First,
a quantum level is chosen by analogy to how rotational energys chosen for a diatomic

molecule, i.e.

%

T UGIDAIT (2.42)

\'
where Ty, is the vibrational temperature, and then the vibrational energy of the par-

ticle is assigned from the relation

"vib = iKg v (2.42)

In order to verify the current implementation of the vibrati onal energy exchange
in the dsmcFoam code, a test case involving relaxation to equilibrium is cosidered.
In this test case, similar to that used by Bird [113], an adiabatic box is lled with
1.2 million DSMC nitrogen particles with translational and rotational temperatures at
20,000 K and no energy in the vibrational mode. The particleswere allowed to collide
and transfer energy to the vibrational mode which the equipatition was achieved at a
temperature of 14,720 K. ThedsmcFoam results were compared with those obtained
in the DS2V code [L13 and very good agreement between both codes was achieved.

Further information about this test case is available in Ref [114].

Chemical reactions

Considerable number of chemistry models relevant for hypesonic aerothermodynamics
have been developed as Rebick and Levind15 model, vibrational bias model [L16],
threshold line model [L17], maximum entropy model [118], and the total collision energy
model (TCE) model [20, 119, 120.

Introduced by Bird [ 119, the TCE model became the most commonly used chem-
istry model for DSMC simulations of rare ed hypersonic reading ows. This model is

based on a modi ed Arrhenius rate coe cient of the form:
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"

act

ke T

where a and b are constants, and" 5 is the activation energy of the reaction.

C = aTP exp

(2.43)

The probability of a reaction, P, is obtained by integrating the equilibrium dis-
tribution function for the total collision energy and equating it to the chemical rate

coe cient,

C=hcyi P("c) fe("c) d'c; (2.44)

"act

where is the elastic cross sectiong; is the relative velocity, and fg ("¢) is the equi-
librium Boltzmann distribution function for the total coll ision energy,".. The total

collision energy consists of the translational collision rergy, and the sum of the rota-
tional and vibrational energies of the two colliding particles considered for a reaction.

In this case, the reaction probability for the TCE model is given by:

PTCE = A(Cniad)’ (245)
("c)

where,

q 1

ef [(2 "keTer'kE (2 ') ( + b+ 3)
[
(+2 1) T (2.46)
@2 " + b+ 3

the parameters! , (¢, and T, are employed in the Variable Hard Sphere collision

model [20], the average number of rotational and vibrational degrees ofreedom, and
m; is the reduce mass of two colliding particles. In addition, = 1 for collisions of two

particles of the same species, and = 1/2 for di erent species.
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The exponents in Eq.2.46is given by:

b+ %+ : (2.47)

and,

1+ I (2.48)

The TCE model was extended 121, 122] to take into account the coupling between
vibrational energy and the collision-induced dissociatiom. This model extension, called
Vibrationally Favored Dissociation (VFD), includes an additional dependence of the
reaction probability on the vibrational energy of the reactant particle. In addition,
the results using the TCE and VFD model when compared with exgrimental data
for reacting shock waves of nitrogen 121] and oxygen dissociation 122 showed a very
good agreement.

The Total Collision Energy model is highly phenomenologichand employs equilib-
rium kinetic theory to convert the conventional Arrhenius r ate coe cients, de ned in
terms of macroscopic gas temperature, to collision probabties which are a function of
the collision energy at microscopic level. In addition, ths model is dependent on the
availability of experimental data to t the Arrhenius rate ¢ oe cient equation.

DSMC being a particle-based method, it is of fundamental immrtance to develop
a molecular level chemistry model that predicts equilibrium and non-equilibrium reac-
tion rates using only kinetic theory and fundamental molecuar properties. In doing
so, Bird recently proposed a chemical reactions model basesblely on the fundamen-
tal properties of the two colliding patrticles, i.e., total collision energy, the quantised
vibrational levels, and the molecular dissociation energis. These models link chemical
reaction and cross sections to the energy exchange proceswdahe probability of tran-
sition between vibrational energy states. The Larsen-Borgakke [L04] procedures and
the principle of microscopic reversibility are used to derve a simple model for recombi-
nation and reverse reactions. Called \quantum-kinetic", this DSMC chemistry model
has been developed over the past 5 yeard1l, 123127 and its implementation in the

dsmcFoam code is presented as follows.
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The \Quantum-Kinetic chemistry model (Q-K)

The vibrational energy plays a key role in the Q-K chemistry model and can only assume
discrete quantum values 109, 110. Having implemented the quantised vibrational
energy into the dsmcFoam code (Section2.1.2), the next step is the implementation of
a 5-species reacting air model. In this model, the moleculaspecies nitrogen (N) and
oxygen (Oy), nitric oxide (NO), and nitrogen (N) and oxygen (O) atoms ar e considered

and four di erent reactions types can be de ned, as follow:

Dissociation type I: AB+CD ! A+B+CD
Dissociation type Il AB+C ! A+B+C
Molecular recombination: A+B+C ! AB+C
Exchange reactions: AB+C! AC+B

where A, B, C, and D are atomic species (O and N), AB, CD, and AC ae molecules
(02, N2, and NO).

In the simulation of high temperature, low density air, the chemical processes are
described by 19 reactions given in Table2.1, where molecular recombination is ne-
glected. According to Bird [126], the condition for recombination in a collision between
two molecules (or atoms) is that there is another molecule (patom) within a ternary
collision volume. Since the mean free path (1 ) at high altitudes is comparable to the
re-entry capsule size, the probability of a ternary collisbn is very low. Because recom-
bination is only an important mechanism at relatively high d ensity, these reactions are

omitted from hypersonic dsmcFoam analyses.
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Table 2.1:

Chemical reaction list and equivalent Arrhenius rate varia bles for the 5-species air

model in dsmcFoam.

Heat of Activation
N° Reaction formation C C, energy
10 197 10 19

1 O0;+N! O+0+N 8.197 1.1 10 1° -1 8.197
2 0,+NO! O+0+NO 8197 1.1 1010 -1 8.197
3 0+N,! O+0+N;, 8.197 1.3 10 % -1 8.197
4 0,+0,! 0+0+0, 8.197 5.3310 11 -1 8.197
5 0,+0! 0+0+0 8.197 15 10 1  -1.05 8.197
6 N+O! N+N+O 15.67 40 102 -0.54 15.67
7 Np+0,! N+N+O, 15.67 1510 % -0.68 15.67
8 N+NO ! N+N+NO 15.67 1.5 10  -0.68 15.67
9 Np+Ny! N+N+N, 15.67 4110 2  -0.62 15.67
10 No+N! N+N+N 15.67 1.0 10 **  -0.68 15.67
11 NO+Nj,! N+O+N, 10.43 21101 -1 10.43
12 NO+0,! N+0O+0, 10.43 2.0 10 10 -1 10.43
13 NO+NO! N+O+NO 1043 1.0 10 10 -1 10.43
14 NO+O! N+0O+O0O 10.43 40 10 10 -1.1 10.43
15 NO+N! N+O+N 10.43 40 10 10 -1.1 10.43
16 NO+O ! O;+N 2.719 1.1 10 ¥  0.34 2.719
17 N,+O ! NO+N 5.175 1.0 10 16 0 5.175
18 O,+N! NO+O -2.719 6.310 10 7 0 0

19 NO+N ! N+O -5.175 2.512 10 Y/ 0 0
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Dissociation reactions

The condition for a dissociation reaction in the Q-K model is as follows: if the
energy in a collision is high enough to allow a dissociationwent, it will always occur.
The reaction being considered is AB + C! A + B + C, where AB is the molecule
considered for dissociation, C is the reactant (either a macule or an atom) and A and
B are the atomic products of the dissociation. Considering he serial application of the
quantum Larsen-Borgnakke model 20Q], the collision energy E of a particle pair (AB
+ C) is the sum of the relative translational energy and the pre-collision vibrational
energy of the particle currently being considered, as desitred by Eq. 2.36. Assuming a
harmonic oscillator model, the maximum vibrational level that can be reached is that
given in Eq. 2.35, then the dissociation occurs if this level is higher than the dissociation
level, i.e.

imax > —d; (2.49)

Vv

in which the molecule AB must be dissociated before any vibraonal or rotational
relaxation can be considered. Applying the serial applicabn of the quantum Larsen-
Borgnakke model RQ], the potential post-collision states i are chosen uniformly from
the states equal or below },,x and are selected through and acceptance-rejection routine
with probability given in Eq. 2.40

A distinct feature of the Q-K model is that although the DSMC i mplementation does
not necessitate that the gas be in equilibrium, if it is assuned that it is, then analytical
solutions for the reaction rates can be derived. For a VHS ga equilibrium, the rate
coe cient k ¢ (T) for the dissociation of a molecules AB with a molecule or aom C is

ki (T) = R2BC (imax ) B ; (2.50)

coll

B;C
oll

density product. For a equilibrium VHS gas,

where is the collision rate between species AB and C divided by the mmber

Iy aBC I 1o
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where e, Tref, and ! are the standard VHS properties of the relevant gas species.
m; is the reduced mass of the collision pair, and T is the macrospic temperature of
the gas. The symmetry factor is set to 2 if the molecules in the collision are identical
or 1 for dissimilar molecules. The (imax)"®¢ parameter de nes the fraction of the
collision that will have su cient energy to dissociate. Taking i as the pre-collision
vibrational state of the dissociating molecule, the resultis

" I I#
1) A8 i AB

exp T" :

z,(T)AB Q 2 T

)AB;C — 1 S [ AB:C . (imax

(I max
i=0
(2.52)
where Q(a,x) = (a,x)/ (a)is aform of the incomplete Gamma function and z(T)"B =1/[1-
exp(- /T)] is the vibrational partition function [ 126].

The Q-K dissociation model has been implemented in thelsmcFoam code for nine
molecule-molecule dissociations (Table.1 reactions 2, 3, 4, 7, 8, 9, 11, 12, and 13),
which were termed \Type I" dissociations. In addition, six molecule-atom dissociation,
or \Type II" dissociations (Table 2.1reactions 1, 5, 6, 10, 14, and 15).

In order to assess the accuracy of the Q-K model, two dissodian test cases in-
volving thermochemical equilibrium and non-equilibrium were considered. In these test
cases, an adiabatic box of side length 110 ° , with six specularly re ective surfaces,
were used for this purpose. Following the work of Haas12§], a total of 50,000 DSMC
particles were used in each simulation, at time step size 15 10 ° s, and the rotational
and vibrational collision numbers were set to 1. The partices were allowed to move
and exchange energy and if the particle met the criterion fordissociation to occurs
(Eqg. 2.49 then the counter was updated within the DSMC simulation and no particle
splitting was allowed occur. This procedure enables reaabns rates to be calculated at
a constant temperature for a gas in equilibrium and then be cmpared to the analyt-
ical Q-K solutions of Eq. 2.50. Only the forward reaction was considered during the
reaction, and recombination was discounted.

For the non-equilibrium calculations, particle splitting was allowed to occur and
nascent species were introduced with the associated consation of mass, momentum,
and energy. The fate of each species was measured in a trangienanner as the reaction

proceeded from the equilibrium initial conditions, through a non-equilibrium reaction
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process to a nal state approaching equilibrium. Once again the backward recom-
bination reaction has been deactivated and only the forwardchemistry is considered.
The dsmcFoam-QK results are compared with analytical solutions. The analytcal so-
lutions are generated for the simultaneous solution of ratekinetic equations describing
the time evolution of the concentration of each chemical spees as well as the equilib-
rium temperature of the reacting gas mixture [129. The overall rate of change of the
concentration of speciess is given by the summation over all individual rate processes
of the form:

B = kXX 1+ ol el (253)

where k and k;, are the forward and backward rate coe cients, X, is a reactant species,

and Xp1 and Xy are the species products. Only the forward reaction is condered
and the backward reaction is deactivated. The k is determined from the equilibrium
Q-K rate (Eq. 2.50 and is set in Arrhenius form as shown in Table2.1. A system
of ve equations is solved simultaneously for species N O,, NO, N, and O for high-
temperature air. The overall energy balance is also analyskeaccounting for the internal
energy modes (translational, rotational, and vibrational) and chemical reactions in
order to determine the equilibrium temperature.

Figure 2.4 shows the Type | and Il equilibrium dissociation reactions ates for
reactions 4 and 5 (Table 2.1), respectively. Good agreement is found between the
dsmcFoamQK calculation and analytical Q-K rates (Eq. 2.50. Comparison is also
made with the DSMC results of Gallis etal: [123 for which excellent agreement is found,
validating the dsmcFoamimplementation of the Q-K approach for dissociation. Finally,
comparison with the TCE solution of Boyd [13(] is made and reasonable concurrence
is found, with Q-K predicting slightly higher rate coe cien ts for Type | and slightly
lower for Type Il dissociation.

The non-equilibrium dissociation results are shown in Fig.2.5. The species con-
centrations at any instant in time (n') have been non-dimensionalised with respect to
the initial number density of the species (). The analytical and numerical Q-K so-
lutions seems to be in good agreement, with species constanbeing approached after

10 ® s. In addition, the transient temperature variation for the gas mixture showed an
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excellent concurrence with the analytical solution. Diss@iation, being an endothermic
reaction process, results in a decrease of the gas temperatuto approximately 6000 K
after 10 ° s.

The results described above reinforce the importance of thelissociation reactions
for hypersonic aerothermodynamics. The dissociation redions require the absorption
of energy from the freestream to take place and act as an eneyrgsink in hypersonic
reacting ows. Furthermore, the energy redistribution during the chemical reaction

manifests itself as a reduction in the enthalpy of the ow, with consequent reduction

in the surface heat transfer to the hypersonic body.
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Although not presented in the present work for reason of coniseness, the remaining
Type | and Type Il dissociation reactions have been implemeted in the dsmcFoamcode
and demonstrated similar levels of agreement when comparedith the Q-K analytical
rate, Gallis etal: [123 DSMC results and Boyd's [L30] DSMC-TCE rates. All further
details of the current implementation of the Q-K reaction model into the dsmcFoam
code can be found at Ref.114] and the full set of Q-K-derived Arrhenius rate coe cients

are presented in Table2.1
Exchange reactions

Exchange reactions are binary reactions in which one stablmolecule and one radical
may occurs before and after the reaction process. The DSMC pcedure for exchange
reactions is similar to that for dissociation. For both the forward and reverse reactions,
the reaction probability is equal to that of Eq. 2.40with i set to the vibrational level
corresponding to the activation energy of the reaction, g

Ea

I = ; 2.54
T (2.54)

In the 5-species air reacting model, the exchange reactiortake the form A+B $ C+D,
where A and C are molecules, and B and D are atoms (reactions 1® 19 from Ta-
ble 2.1). These reactions exist either as a forward (endothermic) eaction or a back-
ward (exothermic) one, resulting in a total of four exchangereactions. The current
Q-K model implementation of exchange chemistry leads to reetions being possible if

the collision energy E is greater than the activation energy E,, with a probability of

3=2 !
Pexchange = v . oo T (2.55)
ikg v
Ec

=
i

i=0
The summation in the denominator can be taken as unity when BE/k <  and the

analytical Q-K rates given by Bird [ 126 are

ENB

kT

zy(T)A ,

A;B
Reon €XP

ki (T) = (2.56)

and
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C,D
RcoII

ESP
Ke T

z,(T)C ;

where k and k; are the forward and reverse reactions rates, respectively, (T) is the

exp

ki (T) = (2.57)

vibrational partition function, R g is the collision rate between the species indicated
in the superscript and is given by Eq.2.51

The default activation energy for the forward exchange reations is the heat of
reaction, E;, and for the reverse reaction it is zero. The activation enegies and heats
of formation for the four exchange reactions are shown in Tale 2.1

In order to ensure that the ratio of the number of forward to reverse exchange
reactions is consistent with that predicted by statistical mechanics it is necessary to
adjust the activation energies in a phenomenological manrre For forward to exchange

reactions, the adjusted activation energyEg;f is

mn ! b#
T

0 _iEil1+a .

Eaf = JEnj 1+ a 573 (2.58)
and for the reverse exchange reaction it is
mn ! b#
EQ = jEnj a —— (2.59)
a;r JEn] 273 ) .

wherejEp]j represents the modulus of the heat of formation (Table2.1) and a and b are
adjustable parameters [14].

In the Q-K chemistry model implementation, the values of a and b for the four
exchange reactions were chosen to enable the DSMC results &gree satisfactorily with
both the analytical equilibrium Q-K rates of Eqgs. 2.56 and 2.57, the analytical equilib-
rium rates predicted by Eq. 2.53 and, nally, to ensure that the ratio of the forward to
reverse reactions is consistent with that predicted by staistical mechanics [126]. The
parametersa and b were determined using Bird's QK rates program [31].

Similarly to the equilibrium dissociation reactions previously presented, an adia-
batic box was used to perform exchange reaction simulationgn order to measure the
equilibrium rate coe cients for each of the four exchange reactions. Furthermore, a

50% split of each species was used as the initial condition.
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Figure 2.6 shows the equilibrium reaction rates for the forward (endohermic) and
reverse (exothermic) reaction NO+O $ O,+N. The TCE rates were obtained from
Ref. [13(Q, the DSMC data from Gallis etal: [123], and the rate representative of the
National Institute of Standards and Technology (NIST) database [L32 are also in-
cluded. In addition, the dsmcFoam implementation for exchange has been calculated
using two di erent de nitions for temperature in Egs. 2.58 and 2.59 these being the
macroscopic and the collision temperature. The collision ¢émperature has been used

for all dsmcFoam calculations in the present work and it's de nition is [ 126):

mr® & =(2kg) |
5 | AB '
> !

Teon = (2.60)

In his 2011 paper, Bird [L26] recommends that if the collision temperature is used
then the exchange factora in Egs. 2.58 and 2.59 needs to be replaced by:

n - b - #
o 52 1AB 5=2 | AB 061
a= 52 1 AB 4+ a (2.61)

This step was considered necessary due to the inequality of aesroscopic and col-
lision temperatures when the parameterb is not equal to zero or unity. However,
the dsmcFoamQK calculations for exchange reactions showed no apparerdi erence
whether T.o was used in tandem with Eq.2.61 or not. It is desirable that the collision
temperature be used in the DSMC procedure rather than the maroscopic value as in-
formation should be passed upwards from molecular level. Heever, it is evident from
all the gures for exchange reactions that the use of macrosupic temperature in the
dsmcFoamQK code produces equilibrium rates that match the Q-K analytical rates.

The simulated Q-K rates using Tqo; are seen in Fig.2.6 (left) to fall the range
covered by th TCE and the NIST rates for temperatures in exces of around 7000 K. It
is interesting to note that the Gallis etal: [123 data, based on a DSMC implementation
which did not consider the adjustment of the activation enemjies, shows consistently
higher reaction rates across the range of the temperaturesoasidered.

The corresponding reverse exothermic equilibrium rate fothe NO+O $ O,+N
exchange reaction is shown in Fig2.6, on the right hand side. Additional experimental

data from Gupta etal: [133] and Bortner [134] have been included. Close agreement
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is observed between the Q-K rates using the collision and maoscopic temperatures
because the coe cientbis small (0.1) for this reaction. The trend of decreasing reation
rate with temperature is similar for both Q-K and TCE, however the Q-K rates are
higher across the range of temperatures studied and are cles of the results of Gupta
etal: and Bortner. In comparison with the activation energy-adjusted Q-K approach
presented in this work, the previous incarnation of Q-K congdered by Gallis etal:

predicts lower rates for this reaction with their results being closer to the TCE rates.
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Figure 2.6: Forward endothermic equilibrium exchange rate coecientf or NO+O ! O, + N

(left), and reverse exothermic equilibrium exchange rate coe cientfor O , + N | NO + O (right).

Figure 2.7 shows the molar concentration and temperature elds respetively for
exothermic reverse exchange reaction NO + N N, + O. Once again, very reason-
able agreement is obtained between the analytical Eq2.53 and the dsmcFoamQK
predictions. The overall temperature eld is seen to achiee equilibrium after a time
of approximately 1.0 10 ° s, with a temperature of around 27,700 K being reached
after 1.0 10 4 s. The NO overall temperature scatter, evident towards the @d of
the reaction, may be put down to statistical uctuations as t he NO becomes rapidly

depleted.
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equilibrium reverse exchange reaction NO + N !
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overall temperature (rig ht) during the non-

N2 + O from an initial temperature of 20,000

K and pressure of 0.063 atm.

Air reactions

Having implemented the full set of 19 reactions in thedsmcFoam code, a case
involving all 19 reaction was considered. For this purposethe reactions showed in
Table 2.1 are considered in a adiabatic box lled with air at an initial composition of
79% N, and 21% O and pressure of 0.063 atm. Three cases are considered fortial
temperatures of 30,000 K, 20,000 K, and 10,000 K.

Figure 2.8 shows the evolution of the species and overall temperatureof the heat
bath from 30,000 K. In general, thedsmcFoam-QK predictions of the constituent evolu-
tion agree well with the analytical results although there is an under-prediction of NO
towards the end of the reactions. Oxygen scatter towards theail of the reaction is due
to its rapid depletion as the reactions progresses. Considieg the overall temperature
eld for the gas mixture, very good agreement between the curent implementation
of the Q-K chemistry model and the analytical solutions is evdent, with any scatter
being explained by the extinction of the O, and NO molecules towards the end of the

reaction process.
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Figure 2.8: Species concentration (left) and overall temperature (rig ht) during the decomposition
of air from an initial temperature of 30,000 K and pressure of 0.063 atm. Solid lines represent the

analytical rates and symbols the Q-K rates, respectively.

In his 2011 Q-K paper [L26), Bird does not present any DSMC simulations data: it
is solely analytical work with a description of the DSMC procedure for each reaction.
Gallis etal: [123 and Wysong etal: [127] have presented some DSMC simulations data,
however these works were performed using a DSMC implementiain for exchange reac-
tions that has since been superseded. In this way, the presemwork aimed to generate
the rst database set for the \Quantum-Kinetic chemistry mo del for which further de-
tails are available in Ref. [L14]. In addition, the application of Q-K model for real cases
of atmospheric reentry are presented in Chaptei3, validating in this way the chemistry

model for its intended purpose.

2.2 The dsmcFoam code

The dsmcFoam code is employed in the current work to solve rare ed reactig and
non-reacting hypersonic ows over simple and complex geontees. Based on Bird's
algorithm, this new freeware has been developed to solve cgitex engineering prob-
lems [L35. The dsmcFoam solver has been developed within the framework of the
open-source computational uid dynamics toolbox OpenFOAM [136] and it is freely
available for download under the GNU general public licence The main features of the
dsmcFoam code include particle initialisation in arbitrary geometries, particle track-
ing in unstructured meshes, the capability to perform both deady state and transient

DSMC simulations, and unlimited parallel processing.
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Powerful meshing tools, such as thesnappyHexMesh, are also provided by Open-
FOAM, allowing to the user build complex structured and unstructured meshes for
use in DSMC simulations. In addition, force measurements tols provide a very useful
way to calculate the external forces acting on a body during he re-entry phase. Post-
processing is carried out using the Paraview software prodied by the OpenFOAM, or
with a variety of other post-processing softwares, such as @cplot. The main features

of the dsmcFoam solver are summarised in the list below:

Arbitrary 2D/3D geometries;

Mesh generation, walls/freestream properties extraction and force measurements

tools;

Steady state and transient simulations;
Automatic 8 sub-cells generation;
Arbitrary number of gas species;

Availability of di erent boundaries conditions, such as freestream, vacuum, cyclic,

and specular/di use/CLL models for gas-surface interactions;

Possibility to perform non-reacting and reacting ow simulations (\Quantum-

kinetic" chemistry model).

When using the dsmcFoam solver, six main step may are employed: 1) build the
computational mesh; 2) set up the freestream properties, bendary conditions, and
time step size; 3) Il the mesh with DSMC particles with dsmclnitialise; 4) Start the
simulation using the command dsmcFoam 5) Enable the time averaging process once
the steady state solution has been archived; 6) Using the Pawview software, perform

the post-processing.

2.2.1 Macroscopic properties measurements in the dsmcFoam code

The DSMC technique is a particle-based method in which the maroscopic gas proper-
ties, such as mass density, velocity, pressure, and tempedtae are recovered from the

particle movements and collisions at the microscopic level The DSMC method uses
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the cell system for sampling these macroscopic propertiesnd then they are used for
engineering purposes. One of the most simple basic propertg the number density n;

de ned as the number of particlesN within a volume V,

n= —: (2.62)

and the mass density is de ned as the product of the molecular massm and the

number density,

= nm: (2.63)

Some other macroscopic gas properties are related to the trsport of mass, mo-
mentum, and energy through the molecular motion during the smulations. The macro-
scopic, or stream, velocitycg is de ned as the mean instantaneous molecular velocities

c as follow,

Co= =L (2.64)

The instantaneous velocity of a molecule relative to the steam velocity is called

peculiar, or thermal, velocity c',

°=¢ cp (2.65)

The pressure tensorp is composed by nine tensor components and can be written
as,
py = <X (2.66)
in which the subscriptsi and| contain three values each representing a single component

of the velocity vector, i.e.,

0

G

0 Q
)

d=u =v¢ g=wt (2.67)

where, u, v, and w being the velocity components in thex, y, and z directions, respec-

tively.
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The scalar pressure P is de ned as the average value of the tee components in
the normal component of the pressure tensor{xx, Pyy, Pzz).

P= uZ+ ve + we ; (2.68)

Wl

Considering an equilibrium gas all the three normal componets of the pressure
tensor are equal; however, they are di erent for a non-equilbrium gas.
The viscous stress tensor is the negative of the pressure tensor with the scalar

pressure subtracted from the normal components as follow,

ij = 0 ip (2.69)
where j p is the Kronecker delta and may assume value equal one if= j, or zero if
i6j.

The average speci c kinetic energy associated with the thenal velocity of a molecule

can be given as

=

€ra = = UZ+ v+ W@ : (2.70)

N

Combining Eq. 2.68and Eq. 2.70,

P

2
3 €ua: (2.71)

The de nition for translational temperature T 4 iS given by comparing the Eq.2.70

and the equation of state for a ideal gas as follow,

1 .
Tya = =—mM U2+ vE + W& : (2.72)
3kg

Eq. 2.72 shows that the equation of state is valid for a dilute gas, eve in a state of
non-equilibrium, as long as the pressure is based only on theanslational temperature.
The measurement of the translational non-equilibrium is ako possible just de ning a
translational temperature for each of the temperature commnents ([T yalx, [T taly,
[T tra I2)-

In a system which contains only monoatomic gas just the trankational temperature

of the molecules is considered and it represents the actuabtperature of the system.
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Nonetheless, simulations that take into account diatomic ad polyatomic gases are
very often used in hypersonic aerothermodynamics. In this &enario, rotational and
vibrational energy should be incorporated in the computational code. The rotational
temperature T,o is similarly obtained from Eq. 2.72

2m"
Trot = oL (2.73)

kB rot

where "ot represents the speci ¢ rotational energy and o is the number of rotational
degrees of freedom.
The measurement of vibrational temperature Tj, includes a summation over all

species that composes the gas:

P
vib;m Tvib;m

Tvib = m=lp ; (2.74)

vib;m
m=1

in which n is the number of gas species, andyi,:m is the vibrational temperature of

the speciem calculated as follow,

Tvibm = —vbm__ ; (2.75)
In 1+ 4+

m

where i, is the average quantum level of particles of gas speciems. The number of

degrees of freedom for a given species, i, IS calculated as

2 vib;m:Tvib;m
eXp  vib;m :Tvib;m 1

; (2.76)

vibbm =

and the average vibrational degrees of freedom,;,, calculated over all the species is

given by

vib = T (2.77)

The overall temperature T,y consider all of the internal energy modes and can be
de ned as the weighted average of the translational, rotatonal, and vibrational modes

with respect to the degrees of freedom,
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3Ttra + rot Trot + vibTvib,
3+ ot tovib

(2.78)

In a thermal nonequilibrium ow the temperatures associated with the translational,
rotational and vibrational internal modes of energy are uneual, i.e., these modes do
not share a common distribution of energies.

Finally, the heat ux measurement is given in vector form as follows,

1 —
q ¢-= > c@cl+ n" g (2.79)

where "o represents the rotational energy of a single patrticle.

As mentioned earlier in this section, the macroscopic propries of the gas are re-
covered after all the particle movement and collisions havdeen processed. However, in
the DSMC methodology a single particle can represent a largaumber of real particles.
In this way, the sampling process of the gas properties shodltake into account the
number of real particles Ry that a single DSMC patrticle represents. For example, the

number density is sampled as

FnN -

n= ;
VceII

(2.80)

whereN is the average number of DSMC particles within a cell volume \ during the
measurement interval.

The dsmcFoam solver possesses the capability to perform both transientrad steady
state simulations. For steady state calculations, all of the gas properties are measured
over a large time period and consequently a large enough sangpsize that will e ectively
reduce the statistical scattering. This statistical error can be estimated using the
equations provided in Ref. L37]. In transient cases, the simulation must be repeated
enough times to provide a large enough sample and the resulsan be represented as

an ensemble average.



Chapter 3

Veri cation and validation

Computer predictions of physical events play an increasinly important role in making

critical decisions that a ect our daily lives. As the computational power continues to
grow, they have been used for a wide range of di erent applicdabns in order to obtain
vital information on events that in uence the economy, health, security, Earth sciences,
and so on [L3§.

Because of the impact that modelling and simulation can havethe accuracy and
reliability of the computer predictions has been the focus 6 much study and debate
for many years in the uid dynamics community. Computational codes can only be
considered reliable if they pass through rigorous process eeri cation and validation
(V&V). In an e ort to standardise the V&V process, a relativel y large literature has
been produced on the subjectI39 146]. Among the noteworthy studies on this endeav-
our, the American Institute of Aeronautics and Astronautic s (AIAA) [ 143 has created
the following de nitions of V&V which will be adopted in this work:

Veri cation : the process of determining that a model implementation acarately
represents the developer's conceptual description of the adel and the solution to the
model.

Validation : the process of determining the degree to which a model is arcaurate
representation of the real world from the perspective of theintended use of the model.

In another words, veri cation deals with mathematics and the conceptual model
that relates to the real word is not an issue; validation deas with physics and address

the accuracy of the conceptual model comparing with the realvorld, i.e., experimental
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measurements 142, 144).

In the DSMC context, the code accuracy relies mainly on four nain constraints:
(i) the cell size must be proportional to the local mean free @ath; (i) the simulation
time step must be chosen so that particles only cross a fraatn of the average cell
length per time step; (iii) the number of particles per cell must be roughly constant
in order to preserve collisions statistics; and (iv) the stdistical scatter is determined
by the number of samples. In addition, the validation strategy consists in comparing
the results obtained by the dsmcFoam code with other numerical, analytical, or exper-
imental results available in the literature. Since thedsmcFoamis a new DSMC code, it
is of extreme importance that the computational code shouldbe veri ed and validated
for its intended purpose. In the following sections, the V&V process for thedsmcFoam

code is discussed in detail.

3.1 dsmcFoam code veri cation

The main idea of a veri cation process is to examine if the orginal DSMC requirements
were rigorously respected. For this purpose, a ow over zerdhickness at plate was
chosen as atest case. The at-plate geometry provides a sinigp and e ective veri cation
test case for numerical methods.

In the present study, the freestream conditions are similarto those investigated by
Lengrand et al. [147]. In this experimental study, a sharp at plate of 0.1 m length
and 0.1 m width was positioned at a distance from a nozzle progcing a ow with a
freestream Mach number of 20.2, freestream temperature of3132 K, and pressure of
6.831 10 2 N/m 2,

In the computational solution, the geometry was constructel as a 3D at plate, 0.1
m long and 0.1 m wide, positioned 0.005 m downstream of a unifm nitrogen stream,
parallel to the plate itself. More details concerning the freestream conditions are shown
in Table 3.2at Section3.2.1 Based on these properties, the freestream Knudsen number
Kny is 0.0235 and the Reynolds number Rge is 2790, using the at-plate length as
the characteristic length.

The computational domain used for the calculation is made lage enough so that at

plate disturbances do not reach the upstream and side bound#&s, where freestream
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conditions are speci ed. A schematic view of the computatimal mesh and boundary
conditions are illustrated in Fig. 3.1 Side I-A represents the at-plate surface. Di use
re ection with complete thermal accommodation is the boundary condition applied
to this side. Side I-B represents a surface where all ow gragnts normal to the
surface is zero. This boundary condition is equivalent to a gecular re ecting boundary,
where the normal component of the incident velocity is revesed, while the parallel
component is left unchanged. Sides Il and Il are boundariesvith a speci ed freestream
condition. Particles crossing the boundary into computational domain are generated
at these sides. Finally, the side IV is de ned as vacuum in whth particles are removed
from computational domain. The option for vacuum is suitable for an out owing gas

since there are no particles moving upstream with Mach numbegreater than three [20].

O

v

B o .

Figure 3.1: (a) 3D at plate computational mesh, and (b) side view of the ¢ omputational domain

with speci ed boundary conditions.

3.1.1 Spatial discretisation e ects

In order to accurately model collisions by using a statisti@l approach, the cell size
should be of the order of one third or smaller than the local man free path in the
direction of primary gradients [20]. Near to the body surface, the cell size in the normal
direction to the surface should be of the same order. This is &écause in certain regions,
such as in the vicinity of the surfaces, the cell size must bersall enough to adequately
capture ow eld physics near the wall. Near-wall cells needto be small enough to

adequately capture the steep macroscopic gradients close the body surface.
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In order to examine the e ect of the grid resolution on the heattransfer, pressure and
skin friction coe cients, a set of simulations using standard, ne, and coarse meshes
are used. Grid independence is investigated by performingaiculations for di erent
numbers of cells inx- and y-directions and then compared with the standard grid.
Figure 3.1 shows the standard computational domain which is divided ito two regions.
Region 1 consists of 10 cells along side I-B and 80 cells alosigle 1l and region 2 consists
of 200 cells distributed along side I-A and 80 cells normal tahe plate surface, i.e., along
side V. In this way, the e ect of altering the cell size in the x-direction may be analysed
for coarse and ne grids by halving or doubling the number of @lls with respect to the
standard grid, while the number of cells in they-direction is kept the same. The same
procedure is adopted fory-direction, i.e., the cell size is altered keeping the numbreof
cells in x-direction constant. Table 3.1 shows the number of cells used in the coarse,

standard and ne meshes.

Table 3.1: Number of cells in the x-, y- and z-direction for the at-plate veri cation case.

Coarse (x) Coarse (y) Standard Fine ( x) Fine (y)

Regionl 580 200 10 40 200 10 80 200 20 80 200 10 160 200
Region 2 100 80 200 200 40 200 200 80 200 400 80 200 200 160 200
N° cells 1.68 10° 1.68 10° 3.36 10° 6.72 1P 6.72 1P

The in uence of the cell size on the heat transfer, pressureand skin friction coef-
cients is shown in the Fig. 3.2 According to these gures, the results for the three
independent meshes are approximately the same, indicatinghat the results for the

standard mesh is essentially grid independent.
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the at plate aerothermodynamic properties.
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3.1.2 Time discretisation e ects

As the DSMC method is unconditionally transient, a time-step sensitivity analysis must
be performed. The selection of a time step must be smaller thathe local mean collision
time to allow the uncoupling between the movement and colligons a set particles. In
addition, if the time step is too large, particles can cross many cells in one time step
and consequently the results may be inaccurate. On the othehand, too small a time
step will result in ine cient computation [ 74, 75, 148].

In a similar manner to the grid independence study, the in uence of the time step
size on the aerodynamic properties is examined here. The timstep is calculated based
on the typical cell dimensions, which is one third of the frestream mean free path 149,
and on the residence time (tes) Of a particle inside the cell. In this context, two
variations of the reference time step (t (¢ ), used in the standard grid calculations, are
considered, with the time step is set equal to (t,ef )/4 and (t et ) 4. According to
Fig. 3.3 the resulting simulations are essentially independent othe time step as long

as the time step and cell size requirements are respected.
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Figure 3.3: In uence of varying the time step size on the at plate aerody namic properties.
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3.1.3 Particle number assessment

In DSMC simulations the intermolecular collisions are the pincipal driver in the ow-
eld development. These intermolecular collisions occur m each macroscopic cell and
su cient particles should be employed in in order to reduce the statistical error during
the sampling process. However, the use of a large number of gigles greatly increases
the computational e ort. A balance between computational e ort and accuracy has
been studied by many authors 150{ 153 with a value of 30-40 particles per cell being
commonly found [154 158]. However, there are some DSMC simulations159, 16Q in
which employed as few as 10 particles in each cell, and somengputations [161] as
large as 50 to 120 particles per cell. It appears evident thathere is no certain solution
to the optimal number of particles necessary for a given simiation.

In order to clarify this question, an additional study has been carried out to estimate
the inuence of the number of simulated particles on the dsmcFoam solution of a
hypersonic ow over a at plate. Considering that the standard mesh corresponds to
a total of 4.37 10’ particles, two new cases were investigated using the same sfe
These cases correspond, on average, to 2.180" and 8.74 10’ particles in the entire
computational domain. The e ects of such variations on heat transfer, pressure and
skin friction are shown in Fig. 3.4 Hence, the standard grid with a total of 4.37 10’

particles is considered su cient for the present computations.
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3.1.4 Sampling e ects

The accuracy of the DSMC method is also a ected by the number osamples (N;) [154
160. Since all of the macroscopic properties of the ow are obtaed by sampling the
total number of particles within a cell, the number of samples must be su cient to
minimise the statistical error. The magnitude of the statistical error declines as the
square root of the sample size and it is importance to deternmie the value of N, that
provides tolerable data scattering. For this purpose, the tandard mesh with approx-
imately 3.36 10° particles was run for 50,000, 100,00 200,000, and 300,000nsgaling
time steps.

Figure 3.5 shows a very good agreement for the number of samples considd.
Based on these plots, N equal to 300,000 is considered as a value that provides acdep

able uctuation level for the case investigated.
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Figure 3.5: In uence of number of samples on the at plate aerothermodyn amic properties.

3.2 dsmcFoam validation for hypersonic non-reacting ows

The lack of experimental and computational data to demonstiate the rarefaction e ects
acting on spacecraft during the reentry has been an issue fonany years. In an e ort to
address these problems, the Advisory Group for Aerospace Rearch and Development
(AGARD, working group 18) [162 conducted a series of experiments and simulations
to enhance the understanding of the physical phenomena andotassess the capability
of numerical techniques in predicting nonequilibrium aerdghermodynamics.

In this section, the dsmcFoam code is used to solve rare ed non-reacting ows over
at plates and the Mars Path nder probe[ 163 164]. The main idea is to validate the
computational code for simple and complex geometries in orer to build up con dence
in hypersonic ows analysis. For this purpose, the results btained are compared with

numerical and experimental data available in the current open literature.
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3.2.1 Rare ed hypersonic ow over sharp and truncated at pl ates

Rare ed hypersonic ow past a at plate has been studied theoretically, experimentally,
and numerically extensively by many authors, since it demostrates the development
of the highly nonequilibrium kinectic ow at the leading edg e through the transition-
merged regions and into the weak-strong interactions regira [L63 169. Moreover, the
extremely simple geometry makes the at plate one of the mostuseful test cases for
numerical validation.

The test cases chosen to validate thedlsmcFoam code for non-reacting ows are
based on the experimental-numerical study conducted by Legrand et al. [147] and
Allegre et al. [163. In their experimental work, sharp and truncated at plate s of 0.1
m of length, 0.1 m width and 0.005 m thick were positioned in a ow of nitrogen at
two angles of incidence, © and 1(°. The physical model was supplied with an internal
water cooling system which maintained the wall temperatureat 290 K. Wall pressure
and heat ux measurements were made by placing pressure traducers and chromel
alumel (Ch/Al) thermocouples along the longitudinal symmetry axis of the at plates.
In addition, density ow eld measurements employing an electron beam uorescent
technique were carried out surrounding the truncated at plate. For the uncertainty
in the referred experiment, pressure, heat ux and density ae estimated to be 15%,
10%, and 10%, respectively. Figure3.6 and Table 3.2 presents in detail the dsmcFoam

computational domains and the experimental freestream coditions considered.

Figure 3.6: Schematic of the 3D computational domain, (a) sharp and (b) t runcated at plates.
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In addition to the experimental work, numerical simulations were performed using
Navier-Stokes (N-S) 147, 163 and direct simulation Monte Carlo (DSMC) [ 147, 163
164 techniques. The N-S results were obtained at ONERA using arimplicit nite-
volume method taking into account the slip velocity and temperature jump at the
wall. DSMC in house codes presented in the results were developed by the Labowte
d'Aerothermique of Centre National de la Recherche Scientque (CNRS) [ 147 and In-
stitute of Space and Aeronautical Science (ISAS)164. Since the data and assumptions
employed in each method are available in the literature, thesubsequent discussions are

limited only to details considered as necessary.

Table 3.2: Freestream conditions for at-plate simulations.

Parameter Value Unit
Velocity (V1) 1503 m/s
Temperature (T ) 13.32 K
Number density (n1 ) 3719 10°° m 3
Density ( 1) 1.729 10 > kg/m?3
Pressure (p ) 6.831 10 2 Pa

Dynamic viscosity ( 1) 9.314 10 7 N.s/m?
Mean free path ( 1) 2350 103 m
Overall Knudsen (Kn.)  0.0235

Overall Reynolds (Rg) 2790

In order to validate the dsmcFoamcode, 3D sharp and truncated at plates with the
same dimensions and freestream conditions used by Lengraret al. [147] and Allegre
et al. [163 are assumed here. In the present computational solution,te two models
are immersed in nitrogen gas where the inlet is imposed at 00 m upstream of the at
plate. The computational domains, showed in Fig.3.6, are similar to those presented as
a veri cation test case (Section 3.1) in which di use re ection with complete thermal
accommodation is applied as wall boundary condition.

Normalised density (= 1 ) contours for zero-thickness, sharp, and truncated at
plates are shown en Fig3.7 and compared with numerical and experimental results. On
examining this set of density contours plots, very good agrement is evident between

the dsmcFoam results and the numerical and experimental studies 163 164].
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Figure 3.7: Density ratio ( = 1 ) contours around zero thickness, sharp, and truncated at-

plates.
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The density (= 1 ) and temperature (T/T 1 ) distributions normal to the at-plate
surface for a location X/L = 1.5 are shown in Fig. 3.8 (a). Good agreement is found
for the density distribution close to the at-plate surface. The density ratio peak is
well captured by the present simulation and it follows the sane trend of the numerical
and experimental results performed by Tsuboiet al. [164] and Lengrand et al. [147];
however, as the upper boundary condition is approached thelsmcFoam simulation
predicts higher density ratios.

Analysing the temperature distribution plot, Fig. 3.8 (b), it is observed a di erence
between the rotational and translational temperatures, denonstrating thermal nonequi-
librium conditions. Close agreement is observed in the traslational temperature for

the dsmcFoam simulations when compared with CNRS-DSMC results.

Figure 3.8: Density ( = 1 ) and temperature (T/T 1 ) proles normal to the at plate at X/L
=15.

Figure 3.9 presents the heat transfer (G,), pressure (G)) and skin friction (C ¢ ) coef-
cients along the at plates. For the sharp at plate case (le ft column) the comparison
of the computed results with the experimental data in the vicinity of the leading edge
shows a very good concurrence. As the ow approaches the triiing edge, a signi cant
disagreement is observed between experimental results arfldSMC simulations. How-
ever, a similar level of discrepancy was observed in both th&-S and DSMC-CNRS
simulations.

According to Lengrand et al. [147], the possible sources of experimental error are
related with uncertainties in the freestream conditions, measurements procedures, and

the in uence of the leading edge bluntness or bevel angle. Iorder to investigate the
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impact of the leading edge bluntness, Fig3.9 (right column) shows the comparisons of
the dsmcFoam results with experimental, DSMC, and N-S data for the truncated at
plate. It is clear that the heat transfer and pressure coe cients are a ected by the at
plate bluntness from a location of X/L, = 0to X/L , = 0.2. As the ow approaches the

trailing edge, good agreement is found between the numeritand experimental data.
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Figure 3.9: Comparison of heat transfer (Cy), pressure (Cy), and skin friction coe cients (C ¢)
for dsmcFoam simulations and numerical-experimental data for sharp (le ft) and truncated (right)

at plates.
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To summarise this section, three-dimensional simulationf zero-thickness, sharp,
and truncated leading edges were performed usinglsmcFoam for hypersonic non-
reacting ows. An excellent agreement was found for the denigy contour plots when
compared with numerical and experimental data. The resultsalso demonstrate how the
leading edge a ects the ow and shock structure over di erent at plates. In addition,
for the sharp at plate a good concurrence was found for the amdynamic properties
at the leading edge until a location of X/L, = 0.2; however, certain discrepancies were
observed as the trailing is approached. In contrast with thesharp at plate, the trun-
cated case exhibited di erences between the numerical and @erimental data in the
at-plate leading edge and a good agreement towards the trding edge. Furthermore,
the comparisons between the DSMC and N-S results presented ithis section demon-
strated that the continuum approach, even when using slip véocity and temperature
jump as boundary conditions, cannot be used with con dence ¢ predict hypersonic

aerothermodynamics under high nonequilibrium conditions

3.2.2 Rare ed hypersonic ow over a 70 blunted cone

The ow over blunt bodies at high speeds and high altitudes isassociated with complex
ow interactions and the precise determination of the heating rate, aerodynamic forces,
the ow eld surrounding the spacecraft, as well as the charaterisation of the wake
region is a key factor for the success of a re-entry mission.

In the the following experimental set-up, a 70 blunted cone, identical to that of the
Mars Path nder probe, was chosen by the AGARD Working Group 18. The rare ed
experiments were performed in ve di erent facilities: the SR3 wind tunnel at Centre
National de la Recherche Scienti que (CNRS-Meudom), the V&5, V3G and HEG wind
tunnels at the Germany Aerospace Center (DRL-Gattigen), and the LENS wind tunnel
at the Bu alo Research Center (Calspan University of Bu alo, U SA). The experimental
test conditions used in each of these experimental facilids are available in Ref. 167,
however, only the experiments performed by the CNRS will be sed in the present work
aiming the dsmcFoam code validation for complex geometries.

Allegre et al. [170{ 172 provided detailed information regarding the rare ed experi-

ments conducted at the CNRS facilities in Meudon, France. Thke CNRS group employed
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three freestream ow conditions, representative of di erert levels of rarefaction, and
three probe models, each one having a base and afterbody sgirdiameter of 0.05 and
0.0125 m, respectively.

The model utilised for the density ow eld measurements was made of brass, water
cooled, and consequently the wall temperature remained cke to 290 K during the all
measurements. A electron beam uorescent technique was uddo measure the density
eld around the blunted cone [170. For the aerodynamic force measurements, the
model was made of aluminium, uncooled with the wall temperatire estimated to be
close to 350 K. The model was directly attached to an externabalance which provided
direct measurements of drag, lift, and pitching moment and ndirect determinations of
the centre of pressure at di erent angles of attack L71]. For heat transfer measurements,
a steel model was used in which the wall temperature was keptla@se to 300 K [L72].
Chrome alumel (Ch/Al) thermocouples were embedded throughthe wall thickness at
nine locations along the forebody, base plane, and sting anthe thin-wall technique
was applied for measuring the heat uxes on the steel probe. e freestream conditions
for a chemically frozen ows used in the SR3 wind tunnel expeiments are presented in
Table 3.3

Table 3.3: Freestream conditions for the 70 blunted cone simulations.

Parameter Value Unit
Velocity (V1) 1503.1 m/s
Temperature (T1 ) 13.316 K
Number density (n; ) 3717 10°° m 3
Density ( 1) 1.730 10 ® kg/m?3
Pressure (p ) 6.833 10 2 Pa
Dynamic viscosity ( 1) 7.279 10 ® N.s/m?
Mean free path ( 1) 1.691 102 m

Overall Knudsen (Kng)  0.034
Overall Reynolds (Regy) 178.6

An extensive set of simulations at these experimental test enditions were made
using both DSMC [173182] and Navier-Stokes 183186 methods prior to the release

of the experimental data. In this way, it was possible to perbrm a blind validation
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process of the computational codes.

In the present work, the simulated freestream conditions ae similar to those used
in the SR3 low-density wind tunnel (case 1) L70{172. The Mars path nder probe was
assumed to be immersed in a nonreacting nitrogen uniform owwith energy exchange
allowed between the translational, rotational and vibrational modes. The energy ex-
change between the kinetic and internal modes was controlteby the Larsen-Borgnakke
statistical model [104. The molecular collision kinetics were modelled by the vaiable
hard sphere (VHS) model P7] and the no time counter (NTC) collision sampling tech-
nique [187].

Figure 3.10 (a) presents information concerning the experimental modecon gura-
tions and Fig 3.10 (b) shows an ampli ed view of the dsmcFoam mesh. The computa-
tional mesh was composed of 7,125,852 hexahedral cells witf).5 simulated molecules
per cell. Each simulation was performed using 240 processoon the HPC machine

University of Strathclyde.

$38(3 | $ $ |8

Figure 3.10: (a) Experimental model for heat transfer measurements and t hermocouple loca-

tions [172], and (b) Magni ed view of the dsmcFoam three-dimensional computational mesh.
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The computational domain adopted was large enough such thatthe upstream,
downstream, and top boundaries conditions could be speci@ as freestream condi-
tions. In order to minimise the computational e ort, the nume rical simulation utilized
the symmetry of the problem and half of the actual geometry wa modelled. The
undisturbed freestream conditions were imposed 0.02 m upstam of the probe, and
the computational domain normal to the probe extended to a dstance of 0.08 m in
the y- and z-directions. The wall temperature was set at 290,300, and 350 K for
density, heat transfer and aerodynamic force measurementsespectively. The surface
boundary condition assumed the gas-surface interaction tie di use with full thermal
accommodation at the speci ed surface temperature.

In Fig. 3.11 experimental density ow elds at di erent angles of attack [ 170 are
compared with the results from the dsmcFoam calculations. The experimental results
are normalised using the free-stream values without the moel in the test section and
the calculated results are divided by the freestream condibns shown in Table 3.3.
Qualitatively, the results show a good level of concurrencéoetween the experimental
and dsmcFoam results. According to Ref. [L7(] the ow eld density measurement
accuracy is estimated to be 10% except for the region encompsing the shock wave
located in the forebody region, which is characterised by lgh-density gradients.

Comparisons is also made with the DAC (DSMC Analysis Code) shulations, de-
veloped at the NASA Johnson Space Flight Center 188, and available in Ref. [L73.
According to Fig. 3.12 an excellent agreement of density ratio (/ 1 ), overall tempera-
ture (Toy), and Mach number (M) contours at zero degree angle of attack was achieved

between the codes.
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Figure 3.11: Density ratio ( / 1) distribution for

di erent angles of attack.

dsmcFoam and SR3 [L70] experiments at
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Figure 3.12: Density ratio ( / 1 ), overall temperature ( Toy) and Mach number (M) distribution

for dsmcFoam and DAC simulations [ 173] at zero angle of attack.
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The aerodynamic forces and moments were also experimentglland numerically
studied [171, 175, 177] at di erent angles of attack. According to Figs. 3.13and 3.14a
satisfactory concurrence is found between the experimentalata and dsmcFoam simu-
lations. According to Ref. [171], the global uncertainty on the aerodynamic coe cients
and forces not exceeded 3% and the maximum di erence between measured and sim-
ulated results was 8.6% on the normal force at 2Dangle of attack. Table 3.4 shows the
drag and lift coe cients, axial and formal forces for experimental measurements and

numerical predictions using thedsmcFoam code.
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Figure 3.13: Drag (Cq) and lift (C |) coe cient at di erent angles of attack.
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Figure 3.14: Axial (C a) and normal (C ) force at di erent angles of attack.

The impact of the angle of attack on the heat transfer (G,) and pressure (G)
coe cients are shown in Figs. 3.15and 3.16. In this set of plots, the data are presented
as a function of the arc distance (s/R,) measured from the forebody stagnation point

to the end of the sting. Furthermore, dotted lines representthe dsmcFoam simulations,
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Table 3.4: Experimental and dsmcFoam-calculated aerodynamic coe cients and forces.

Angle Drag Lift Axial force.  Normal force

exp. calc. exp. calc. exp. calc. exp. calc.
Q° 1.657 | 1.652 0.000 | 0.000 1.657| 1.652 0.000| 0.000
5° 1.629 | 1.642 -0.057| -0.062 1.628| 1.642 0.084| 0.080
1° 1.615| 1.611 -0.133| -0.143 1.614| 1.615 0.148| 0.140
15 1569 | 1.561 -0.200| -0.213 1.568| 1.568 0.213| 0.200
20° 1538 | 1.496 -0.249| -0.269 1.530| 1.504 0.291| 0.266
3° 1432 | 1.350 -0.324| -0.351 1.402| 1.344 0.434| 0.398

and the full line and points show the DAC simulations and CNRSexperimental results,
respectively [L72, 174.

When the dsmcFoam results for (Cp) and (Cp) are compared with the DAC and
SR3 low-density wind tunnel results at zero angle of attack,the agreement is very
good in the region of the forebody, base plane and sting. Hower, the same level of
agreement is not observed between the present simulated datand the experimental
results when the angle of attack is increased. In addition,tiis observed from Fig. 3.17,
that the peak of the transfer at 30° occurs just before the ow expansion on the probe
shoulder, where there are no thermocouples located. Accoimy to Fig. 3.10 (a), the
last thermocouple on the forebody region is located at & = 1.56 and the simulated

heat transfer peak occurs at &, = 2.0.
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angle of attack.
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When a probe enters a planetary atmosphere at high velocitie the forebody ow-
eld is dominated by a strong shock wave which causes the exttion, dissociation and
possibly ionisation of the gas surrounding the vehicle. Mogover, this highly thermo-
chemical nonequilibrium ow rapidly expands around the probe shoulder into the near
wake region with a signi cant increase in the degree of rarefction and ow complexity
in the afterbody region as shown in Fig.3.18(a) [173 189 190. Due the ow eld com-
plexity, the aerothermodynamics of a wake may not be accuratly predicted. According
to Wright and Milos [ 19]] the uncertainty related to the aeroheating predictions onthis
region are typically assumed to be in the range of 50-300%. Ti& level of uncertainty
plays a signi cant role on the vehicle design and in the corret selection of a thermal
protection system (TPS).

In order to compare the results obtained using thedsmcFoam code and those pro-
vided by Mosset al. [173], normalised density, velocity, and temperature are detemined

for four di erent locations in the probe afterbody region as depicted in Fig. 3.18 (b).

\ $o& (") $. & '('%* $,&'(', $_&'(.
//7///// /////\</ SIS LS L L LS LS L

# !

Figure 3.18: (a) Schematic of the planetary probe ow structure [ 190], and (b) Freestream

properties measurement locations.

According to Fig. 3.19 3.21and 3.20, it is clear that a very good agreement exist for
both DSMC simulations. However, a small disagreement is ol&ved in the expansion
region for density and temperature proles at X; = 0.0095, probe shoulder. In this
region a very strong ow expansion occurs and di erent meshirg procedures between

the codes may have some in uence on the ow eld structure.
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Figure 3.21: Temperature proles ( Toy/ T1 ) for dsmcFoam and DAC.

To summarise this section, simulations were performed usip the dsmcFoam code
for non-reacting ows over at plates and the Mars Path nder probe. The present
data were compared with experimental and numerical solutios available in the current
open literature. Assuming the uncertainty of the experimenal data to be approximately
10% [147, 163, 170{ 172 a satisfactory level of agreement between the the measureants
and computations has been achieved. It is concluded that thedsmcFoam code has
been validated for non-reacting ows with su cient accuracy for simple and complex

3D geometries.

3.3 dsmcFoam validation for hypersonic reacting ows

During reentry into the Earth's upper atmosphere, a strong bow-shock is formed up-
stream of the reentry vehicle leading to a increase of the suounding air temperature.
This temperature may exceed 10,000 K causing the vibrationlaexcitation of the gas

with chemical reactions such as dissociation, exchange angossible ionisation occur-
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ring. Chemical reactions can have a signi cant in uence on te heating rates and
pressure loads acting on the vehicle surface during the retny phase and the ability
to accurately model the nonequilibrium and chemically reating ows becomes a key
feature in hypersonic aerothermodynamics.

As mentioned earlier in Section2.1.2, a chemistry model called the \Quantum-
Kinetic" (QK) approach, which rely on the vibrational state s of colliding molecules, has
been implemented in thedsmcFoam code. In order to validate this chemistry model, it
is suitable to test the implementation for real cases of atmepheric reentry. In pursuit
of this goal, rare ed hypersonic reacting and non-reacting ows over a cylinder and the

Orion Crew Module are presented in the following subsectios.

3.3.1 Rare ed hypersonic ow over a 2D cylinder

In order to validate the QK model implementation, a hypersonic reacting ow over a
2D cylinder of 2 m diameter is considered. The atmospheric festream conditions are

described in Table3.5.

Table 3.5: Freestream conditions for the 2D cylinder.

Parameter Value Unit
Velocity (V1) 6813 m/s
Temperature (T ) 187 K
Number density (n1 ) 1.433 10°° m 3
Density ( 1) 6.865 10 ¢ kg/m?3
Pressure (p ) 3698 10! Pa
Dynamic viscosity ( 1) 1.339 10 ® N.s/m?
Mean free path ( 1) 8241 103 m

Overall Knudsen (Kng)  0.004
Overall Reynolds (Re;) 6985.6

These conditions correspond to the Earth's atmosphere at 8&m altitude composed
by 78.85% N, and 21.15% Q with reentry Mach number equal to 24.85. The cylinder
walls are modelled as fully di use, and two cases are consided; one with no reactions,
and one with all 19 reactions described in Table2.1. Comparison are made with the

equivalent solutions using the established DSMC code MONAO [130 which employs
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the TCE chemistry model [119. In all cases all the rotational and vibrational collision
numbers are set to 5 and 50, respectively, and the TCE Arrhenis rates for dissociation
and exchange are provided by the QK analytical equilibrium \alues. The mesh size for
the dsmcFoam study is composed by 240,000 cells with a time-step xedat D 10 *
s and, following the particle sensitivity trials, there were 23.4 million DSMC particles in
the system at the steady-state. For the MONACO study the doman contains 175,000
with automatic sub-cell generation and the total number of DSMC patrticles at steady-
state was 37.5 million. In addition, cell-based, variable ime-step are used such that
ratio of the time step to mean collision time in each cell is aproximately 0.2. In this
scenario, the reacting ow over the 2D cylinder is considerd as a benchmark trial for
future chemistry model implementations.

Figure 3.22 show the reacting and non-reacting comparisons between thBSMC
codes for number density, temperature, and velocity along lhe stagnation streamline.
For the non-reacting case, it is clear that the number densiy pro les are almost equiv-
alent, while the translational, rotational, and vibration al temperatures pro les show
very close concurrence. The velocity pro les predicted by loth codes along the stagna-
tion streamline are in close agreement, and the shock regiooovers a distance between
26 and 40 cm from the cylinder stagnation point.

With all 19 reactions activated, number density, temperature, and velocity pro les
along the stagnation line are again compared. As the chemi¢aeaction occur are mainly
characterised by endothermicity, the local enthalpy is rediced and the maximum shock
stand-o distance moves to a position close to the cylinder épproximately 36 cm) in
comparison with the non-reacting case (40 cm).

Turning to Fig. 3.22 right-hand column, the N, and NO levels calculated by each
code are in relatively close agreement. Although trends arsimilar, the values for atomic
species predicted bydsmcFoam (QK) are in excess to those determined by MONACO
(TCE). However, the opposite is true for O,, with the MONACO producing producing
values exceeding those alsmcFoam (QK). The increase number of dissociation events
using the QK may be qualitatively explained with reference o Wysong et al. [127]:
the magnitude of the lower level vibrational cross-sectionfor the QK method would

mean that more dissociation events are likely, compared wit the TCE approach, in
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non-equilibrium ows with relatively low vibrational exci tation, such as high-altitude
reentry.

Signi cant reduction in the values of all three temperature modes under reacting
ows are evident. Both codes predicted a peak of translatioml temperature along the
stagnation line of approximately 20,000 K. This is in contrast with the non-reacting
case, which has a peak of approximately 25,000 K. The peaks obtational and vi-
brational temperatures are also in close agreement, howerethe general dsmcFoam
QK temperatures values shows a small but consistent shift tathe left in comparison
with MONACO-based ones. This e ect is consistent with the di e rences in the shock
structure indicated by the left-ward shift in the velocity p lots.

The surface properties are shown in Figs3.23and 3.24. The surface pressure values
are in very close agreement between the codes for both reaatj and inert conditions. A
reduction of almost 100% for the heat ux on the cylinder is evident when comparing
the reacting and non-reacting cases. It is clear that the proess of dissociation has
lead to reduced ow energy and a consequential reduction of reergy transfer to the
body. For reacting condition, the peak-value of the heat ux is 67 W/m? for QK. This
di erence is 4.6% compared with TCE and represents a similar rargin to the range
of the peak-heat uxes found in a separate case study of noneacting ow over a 2D
cylinder using a variety of DSMC codes 197].

Figures 3.24 shows the surface temperature jump and slip-velocity preditions for
inert and reacting conditions. The general trends are simiér for MONACO and dsmc-
Foam, however, there appears to be a greater level of disparity asome location on the
cylinder surface compared with the results for pressure antieat ux, with dsmcFoam:
QK predicting generally higher values jump and slip.

Finally, Figs. 3.25and 3.26 show the Mach number and NO density, and temper-
atures contours for each code, respectively. It is clear thiathe diuse nature of the
rare ed shock has been captured by both codes. Although, di @ences exists between
the results for the predicted velocity and temperature elds, it is evident that the local
Mach numbers are in close agreement. For the NO eld, small derences are observed
between the solutions in this qualitative comparison, with the dsmcFoam (QK) ap-

proach appearing to predict a thinner species layer in the rage approaching to the
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peak of NO values. Nonetheless, the general ow features agar to be similar for
both chemistry approaches. In addition, the temperature elds, in general, shows a
similar qualitative concurrence in all areas of the ow eld, with only subtle di erences

apparent in certain regions.
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Figure 3.22: Number density, temperature and velocity pro les along the stagnation streamline

for non-reacting (left) and reacting (right) air ow over a 2 D cylinder.
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(a) (b)

Figure 3.25: Mach number and NO contours predicted by dsmcFoam (QK) and MONACO

(TCE) for reacting air ow over a 2D cylinder.

(@) (b) (©)

Figure 3.26: Translational, rotational, and vibrational temperature ¢ ontours predicted by dsm-

cFoam (QK) and MONACO (TCE) for reacting air ow over a 2D cylinder.
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3.3.2 Rare ed hypersonic ow over the Orion Crew Module

Rare ed hypersonic reacting ow is used here to study the Orion Crew Module (CM)
during the reentry at altitudes of 95 and 105 km, respectivey. In this validation test
case, results obtained using thedsmcFoamQK (19 species reaction model) anddsm-
cFoam-NR (no reactions) are compared with numerical solutions povide by Wilmoth
et al. [193] and Mosset al. [194].

DSMC simuation was performed by Wilmoth et al. [193 using the DS2V code 20|
with both traditional rate-based chemistry models (TCE) and a mixture of TCE-QK
model, and labeled as \new chemistry" L93. In this mixed chemistry model, exchange
and recombination reactions were not available at the time 6 the simulations and they
were treated with the traditional rate-based methods. However, dissociation reactions
were performed using the new QK collision-based methodolgg

Mosset al. [194] conducted a series of numerical simulations in order to chacterise
the Orion CM aerodynamics from free molecular to continuum typersonic conditions.
For the rare ed portion of the Earth's atmosphere, two DSMC m ature codes was em-
ployed, DS3V and DAC, both using a ve-species reacting air @s model.

In the present work, advantage was taken from Orion's symmety in order to reduce
the computational costs. In this way, the computational mesh was prepared using a
quarter-section model with symmetry boundary condition, as depicted in Fig 3.27 For
the 105 km altitude case, a numerical mesh of 130100 100 was employed covering
a domain size of 13 m in the ow direction and 10 in they- and z-directions. The
OpenFOAM mesh utility called snappyHexMesh was used to “snap' the mesh on to
the Orion CAD geometry creating hexahedral cells onto the stface. After this process,
a total of 15.06 10° and 1.293 10° cells were employed by thedsmcFoam calculation
for 95 and 105 km altitude, respectively.
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Dp = 5.0292
Rp =2.5146

Ras = 0.0508

Dimensions in m

Figure 3.27:  Orion computational mesh for 105 km of altitude (left), and ¢ apsule main geometric

parameters (right) [ 194].

The freestream conditions are similar to those previously malysed by Moss et
al. [194 for the Orion CM in real re-entry conditions. At both altitu des considered
here, a freestream velocity of 7600 m/s was adopted with the apsule surface being
modelled as di usive with full thermal and momentum accommodation. Details of the
entry conditions used in the present work as well as the gas jperties are shown in

Tables 3.6 and 3.7.

Table 3.6: Re-entry freestream conditions for the Orion Crew Module.

Altitude Density Temperature Pressure
Kn 1
(km) (kgim 3) (K) (Pa)
95 1.38 10 © 189 0.076 0.0108

105 2.30 10 7 211 0.014 0.0629
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Table 3.7: Representative gas properties.

Nitrogen Oxygen Atomic Oxygen
Parameter
(N 2) (O2) (©)
Molecular mass (kg) 46.5 10 %7 53.12 10 %/ 26.56 10 27
Molecular diameter (m)  4.17 10 1© 4.07 10 10 3.00 10 10
Composition (95 km) 0.78685 0.19719 0.0108
Composition (105 km) 0.78187 0.15280 0.0629
Viscosity index 0.74 0.77 0.80

Figure 3.28 shows a comparison of the molecular and atomic mole fractia ex-
tracted along the stagnation line for the two altitudes conddered. Excellent agreement
is observed between thedsmcFoamQK and the DS2V (new chemistry). Neverthe-
less, the production of the molecular species NO through exange in the dsmcFoam
calculations seems to be slightly underpredicted when congred with DS2V computa-
tions. Considering that Wilmoth's simulations were performed using a mixed TCE-QK

chemistry model, very good concurrence was achieved with tndsmcFoamQK code.

Symbols : dsmcFoam-QK[_ N =2 -v-_lLil_ll_il_lu_l uuDE.
Ny : :

i ; R
[TVl S o Lines-—: DAC-TEEIQK-{ L5 07 |1
NO | |

Mole fractions (Ngpecie/ Niotar)

Mole fractions (Ngpecie/ Ntotar)

Symbols : dsmeFoam-QK L

. Bl R R H H Lines  : DAG-TCE/QK

-0.25 -0.20 -0.15 -0.10 -0.05 0.00 -0.5 -0.4 -0.3 -0.2
Dimensionless length (X / R) Dimensionless length (X / R)

-0.1 0.0

Figure 3.28: Mole fractions for molecular and atomic species predicted using dsmcFoam (QK)

and DS2V (new chemistry), 95 (left) and 105 (right) km.

One of the most important features for atmospheric reentry & the heat ux mea-
surements acting on the body which have a direct in uence on e thermal protection
system design and material selection. In order to investigee the in uence of reacting

and non-reacting ows over the the Orion capsule surface at 9 and 105 km of altitude,
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comparisons of surface heat ux measurements using thdsmcFoam DS2V, and DAC
codes are presented in Fig3.29. According to the left-hand side plot, at 95 km altitude,
the heat transfer coe cients (C ) calculated by both codes are in relatively close agree-
ment. Although the trends are similar, it is evident that the heat ux predicted using
the dsmcFoam-QK is in excess when compared with the DS2V calculations. Qmparing
the dsmcFoam computations at 95 km altitude for reacting and non-reacting ows, a

reduction of 36.8% in the G, is observed.

0.25

- dsmcFoam-QK
dsmcFoam-NR

- dsmcFoam-QK
- dsmcFoam-NR
« DS2V-QK/TCE |
+ DS2V-TCE

0.20

015

Heat transfer coefficient (G,)
Heat transfer coefficient (G,)

0.00 i i T T o e R 1 .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Dimensionless length (S/ R Dimensionless length (S/ R

Figure 3.29:  Orion surface heat transfer coe cient ( Cp) predicted using dsmcFoam (QK), DS2V
(new and old chemistry), and DAC for 95 (left) and 105 (right) km..

According to the right-hand plot of Fig. 3.29 it is evident that the heat trans-
fer coe cient predicted by dsmcFoamQK is in very close agreement with DS2V (old
chemistry). Furthermore, in spite of following a similar pattern to the QK approach,
the DS2V (new chemistry) appears to underpredict G,.

The sensitivity of the aerodynamic forces and moments to chmical reactions is
presented in Table 3.8 for an altitude of 95 km. According to the simulated data,
the DSMC solutions show that the Orion aerodynamics are insesitive to the inclusion
of chemical reactions where the maximum di erence was of the mler of 1.28%. In
spite of the chemical insensitivity, reactive ows do play a very important role on the
shock wave temperature and heat ux reduction to the vehicle surface, as previously

discussed.
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Finally, Tables 3.9 and 3.10 shows the dsmcF oam aerodynamic calculations for
the Orion capsule at 105 km altitude and two angles of attack,0° and -26°, respec-
tively. Included in these tables are the results from DAC and DS3V codes, which
both use the DSMC technique, and LAURA which provide solutions to the Navier-
Stokes-Fourier equations 194]. For both angles of attack investigated, good agreement
is shown between thedsmcF oam, DAC, and DS3V. However, due the rarefaction ef-
fects, the results obtained using the LAURA code show signicant di erences compared
with the DSMC solutions. In general, the results show a gooddvel of agreement and

consistency between the di erent computational tools.

Table 3.8: dsmcFoam aerodynamic calculations of a rare ed hypersonic nonreacting (NR) and

reacting (QK) ow over the Orion CM at 95 km altitude and 0 ° angle of attack.

dsmcFoam  dsmcFoam Di erence

Parameter
(NR) (QK) (%)
Drag (Cp) 1.566 1.587 1.28
Lift (C L) 0.000 0.000 0.00
Axial force (Cp) 1.566 1.587 1.28
Normal force (Cy) 0.000 0.000 0.00
Pitching moment (C m.cq) -0.07518 -0.07616 1.30

Pitching moment (C o) 0.00000 0.00000 0.00
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Table 3.9: dsmcFoam and DAC [194] aerodynamic calculations of a rare ed hypersonic over the

Orion CM at 105 km altitude and 0 ° angle of attack.

dsmcFoam  dsmcFoam

Parameter DAC
(NR) (QK)

Drag (Cp) 1.7007 1.7092 1.709

Lift (C L) 0.0000 0.000 0.000

Axial force (Cp) 1.7007 1.7092 1.709

Normal force (Cy) 0.000 0.000 0.000
Pitching moment (C m;cq) -0.08163 -0.08204 -0.0820
Pitching moment (C.0) 0.0000 0.0000 0.0000

Table 3.10: dsmcFoam, DAC, DS3V, and LAURA aerodynamic calculations of a rare ed hyper-

sonic over the Orion CM at 105 km altitude and -26 ° angle of attack.

dsmcFoam dsmcFoam

Parameter DAC DS3V LAURA
(NR) (QK)

Drag (Cp) 1.479 1.480 1.449 1.460 1.753

Lift (C ) 0.390 0.393 0.347 0.349 0.342

Axial force (Cp) 1.500 1.503 1.455 1.465 1.726

Normal force (Cy) -0.298 -0.296 -0.323 -0.327 -0.461
Pitching moment (Cm.cq) -0.04830 -0.04841 -0.0412 -0.0431 -0.0356

Pitching moment (C o) 0.103 0.102 0.114 0.114 0.069

Centre of pressure (p:m) 1.733 1.737 1.779 1.752 1.849




Chapter 4

Modelling thermal protection

system discontinuities

E orts to operate hypersonic re-entry vehicles are constraned by many factors. One
of the most signi cant aspects that can a ect the entry trajec tory is the shaping and
design of the thermal protection system (TPS). Excessive tmperatures may result in
an increased structural and TPS weight to avoid high stressévels and heat loads for
the materials that compose the spacecraft. Hence, to achievthe structural e ciency
required for feasible hypersonic ight, and to decrease theproduction and launch costs,
the designer must be able to predict the surface heating rate and pressure loads with
a reasonable degree of accuracy.

In this Chapter, the backbone of the Orion Command Module reentry environ-
ment is considered under the assumption of a smooth body sua€e. Usually, this
assumption is considered as a starting point for the understnding of the aerodynamic
characteristics and ow eld structure surrounding the re- entry vehicle [193 194. In
this scenario, DSMC simulations of a rare ed hypersonic reating and non-reacting
ow were performed at two points of the Orion re-entry trajectory, 95 and 105 km
altitude, respectively. With a framework already in place for providing a smooth base-
line, heat shield surface discontinuities, representatig of TPS panel-to-panel joints or
damage, this study would provide a comprehensive analysisfdhe ow eld structure

and aerodynamic surface quantities in the interior and around of a family of cavities.

92
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4.1 Impact of chemical reactions on the Orion CM

In order to accurately determine the Orion capsule aerodynanic characteristics two
reentry points were considered at 95 km and 105 km altitude. Bnulations were per-
formed using the new Q-K chemistry model 126 implemented into the dsmcFoam
solver and the results are compared with those generated bynert gas computations.
The geometry and freestream conditions are identical to thee discussed earlier in Sec-
tion 3.3.2 and presented by Mosset al. [194. The dsmcF oam simulations were per-
formed using the VHS model collision model, with the model paameters shown in
Table 3.7.

The computational mesh was lled with 94 million and 17.5 million DSMC parti-
cles for 95 and 105 km altitude, respectively. Freestream hundaries conditions were
applied at the inlet, top, and sides of the computational dormain. The ow at the
downstream out ow boundary is supersonic and vacuum conditons were speci ed. For
all computations, the out ow boundary was located 2.0 body dameters (10 m) down-
stream of the forebody stagnation point. In addition, for the two cases considered, the
wall temperature was constant at 951 K and 760 K, respectival, with the surface being
modelled as a di usive wall with full thermal and momentum accommodation.

The e ect of chemical reactions on the computed results is of prticular interest
in the present Section. The ow eld structure for the Orion C ommand Module is
shown in Fig. 4.1, where translational temperature ratio (T4 /T 1 ) is presented for
non-reacting (dsmcFoam-NR) and reacting (dsmcF oam-QK) conditions. Being the
chemical reaction mainly characterised by endothermicity (dissociation), a signi cant
decrease on the shock wave temperature is clearly visible. femperature reduction of
25.3% and 18.5% at altitudes of 95 and 105 km, respectively, enonstrates that the
presence of chemical reactions have a signi cant impact onhte shock wave stand-o
distance, shock thickness, and temperature distribution &the wake region.

Having shown a general picture of the ow surrounding the Orion capsule, it is
worth to take a closer look at the shock wave in order to bettercharacterise its struc-
ture. In this way, temperature, number density, pressure, ad velocity pro les along
the stagnation streamline are presented in Fig4.2. According to this set of plots, the

peak values of translational, rotational, and vibrational temperatures reach a maximum
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inside the shock; and the chemical reactions demonstratedota have a signi cant im-
paction in the temperature pro les. At 95 km altitude the che mical reactions promoted
a reduction of 7000 K in the translational temperature and it is quite evident a shift in
the T4 pro le from X =-0.61 mto X =-0.52 m, caused by the endothermic reactions.
For both altitudes considered, the chemical reactions proroted a signi cant decrease
in temperature behind the shock wave and all three temperatues relax to almost the

same values farther downstream, close to the Orion surface.

Translational temperature ratio (Ttra/Tinf) Translational temperature ratio (Ttra/Tinf)
mﬁo\\\\\\\\so 80 HHI\?RHHHI\%\OH\HI“O %\Hf“‘o\\\\m{\\s‘o\\\\l\\ll\(‘)p\\\\\ 120
1 158.1 1 133.4

Figure 4.1: Translational temperature ratio (T wa /T 1 ) for reacting and non-reacting ows over

the Orion Command Module at 95 (left) and 105 (right) km altit ude.

Of note is the large degree of thermal nonequilibrium on the émperature plots,
where the overall kinetic temperature, translational, rotational, and vibrational tem-
perature are presented. Furthermore, as the altitude changs, it is possible to observe
an alteration on the curve shape, i.e., from steep gradient&95 km altitude to shallower
gradients at 105 km altitude. This behaviour demonstrates te di use nature of the

shock wave when the degree of gas rarefaction increases.
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The the density prole for the initial species along the stagnation streamline is
also shown in Fig. 4.2 At 95 km altitude, the number density pro les are identical
for reacting and non-reaction ows at location X < -0.65 m. However, for X -0.60
m signi cant changes are evident for the number density ratb as ow moves towards
the Orion's surface. Due to its low dissociation threshold,the molecular oxygen is
the rst species to dissociate leading a decrease in the £Oconcentration and in an
increase of atomic oxygen across the shock layer. In contrasa slightly decrease in the
molecular nitrogen number density is observed when reactig and inert gas ows results
are compared. Since molecular nitrogen dissociation tempature is approximately
double that of O,, just a more severe re-entry condition with higher enthalpyis able
to fully dissociate the N,. At 105 km altitude, the dissociation process is much less
intense than that for the case of 95 km altitude. Consequentl, a slight decrease of
0O, and increase of atomic oxygen concentration is evident clesto the Orion surface
and no appreciable changes in the temperature, pressure, drvelocity are noticed for
reaching ow at this altitude.

Many methodologies have been employed in order to charactese the shock wave
structure under rare ed conditions. The most well know techniques for this purpose are
described by Ivanov 195 and Santos L9€]. According to Ivanov [195], the shock wave
structure may be characterised by taking into account the temperature distribution
along the stagnation streamline, i.e., the ow along the stagnation line can be divided
into three zones: shock-wave front (up to the point of equilbration of the translational
and rotational temperatures), the viscous shock layer (thdocation where thermal equi-
librium is achieved), and surface boundary layer. In anothe approach, a particle-based
method for the shock wave description has been used by Sant¢g96]. In this technique,
the ow is assumed to consist of three distinct classes of mekules: those molecules
from the freestream that have not been a ected by the presencef the body, denoted
as class | molecules; those molecules that, at some time in ¢ir past history, have
struck and been re ected from the body surface, denoted as abks Il molecules; and
those molecules that have been indirectly a ected by the presnce of the vehicle are
de ned as class Il molecules. This molecule classi cationhas been implemented into

the dsmcF oam solver and successfully validated for non-reacting ows 96], however,
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more studies are necessary to incorporate both reactions dnparticle classi cation.
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Figure 4.2: Freestream properties along the stagnation streamline for reacting and non-reacting

ows over the Orion Command Module at 95 (left) and 105 (right ) km altitude.
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Mach number, number density, and translational temperature ratio contours are
depicted in Fig. 4.3 for the hypersonic reacting ow over the Orion capsule at 95 ad
105 km altitude, respectively. In this set of contours plots total number density and
translational temperature are normalised by the freestrean conditions. According to
the Mach number contours, the di use shock e ect is evident ove all of the computa-
tional domain and particularly in the wake region. While the sonic line at the forebody
is located at the almost the same position for both altitudesstudied, the same phenom-
ena is not observed in the wake region. At 95 km altitude, low Mach number values are
observed at the wake region and the position of the sonic linextends far downstream
of the Orion capsule. However, for the 105 km altitude case, e sonic line is located
closer to the vehicle afterbody.

On examining the number density and translational temperature ratio the extremely
di use nature of the shock wave is evident at 105 km altitude ard the shock structure
extends well upstream of the Orion body. On the other hand, at95 km altitude, the
shock is con ned to a region much closer to to the vehicle heashield. The number
density in the near wake is relatively low for both altitudes with magnitudes as low as
10% of the freestream value. Along the forebody, as the ow iompressed against the
thermal protection system a signi cant temperature increased is observed. In the wake
region, the temperature decreases during the expansion peess and the highest value,
which is 35 times the freestream temperature, can be found fothe 105 km altitude
case.

At the initial phase of the simulations, the atmospheric gasthat surrounds the Orion
capsule is mainly composed of molecular nitrogen and oxygeand atomic oxygen. If the
spacecraft reentry is of su ciently high speed, dissociaton and exchange reactions may
take place and new molecular and atomic species are introded into the simulations.
To demonstrate this, normalised number density contours fo each individual species
are shown in Fig. 4.4. According to this group of contours plots, the highest nitric
oxide (NO) and atomic oxygen concentration occurs in the foebody region of the Orion
Command Module as a consequence high temperature inside tlsock wave promoting
chemical reactions. Reactant species are also found at thetarbody region, however,

their concentration are at least one order of magnitude lowe than on the forebody.
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The study conducted above proves that an accurate aeroheatgy environment de ni-
tion and the presence of chemical reactions plays a criticalole in capturing the correct

physics during spacecraft reentry simulations.

Figure 4.3: Mach number, number density, and translational temperatur e contours for reacting

ow over the Orion Command Module at 95 (left) and 105 (right) km altitude.
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Figure 4.4: Normalised species number density for reacting ow over the Orion Command
Module at 95 (left) and 105 (right) km altitude.
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4.2 Modelling thermal protection system discontinuities

In the previous section, the impact of rare ed hypersonic reacting and non-reacting
ows on the ow structure and aerodynamic surface properties on the Orion Command
Module was presented. The Orion re-entry calculations wergerformed at two points
of the reentry trajectory while considering the heat shieldto exist as a smooth surface.
However, in a real spacecraft design, thermal protection sstem panel-to-panel joints or
even TPS damage should require a rigorous assessment in orde ensure a safe return.

In this thesis, panel-to-panel joints or TPS damage are modked as three-dimensional
cavities of di erent lengths. By considering that the cavity length L is much smaller
than the spacecraft's nose radiusRR, i.e., L=R 1, then the environmental conditions
may be represented by hypersonic ow over a at plate with a cavity [ 10, 63] positioned
su ciently far enough from the stagnation point.

Figure 4.5 as show a schematic of the 3D cavity and its main parameters. ¢t the
family of cavities investigated in this work, the cavity depth D is xed at 3 mm, while
L assumed values ranging from 3 to 15 mm. The upstream and dowtream plate
length and width was kept constant with 50 mm and 4.5 mm, respetively. The cavity

length-to-depth ratio (L/D) considered in this study was 1, 2, 3, 4, and 5.

)
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Figure 4.5: Schematic of the cavity con guration and its main geometric al parameters.
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In order to implement the DSMC procedure, the ow eld around the cavities is
divided into a number of regions, which are subdivided into omputational cells. The
computational cells are further subdivided into subcells vith two subcells per cell in
each coordinate direction. The cell provides a convenientaference for the sampling of
the macroscopic gas properties, while the collision partnes are selected from the same
subcell for the establishment of the collision rate; subcdéds promote nearest-neighbor
collisions and therefore a more realistic transport of massmomentum, and energy.
The computational domain used for the calculation is made lage enough such that
cavity disturbances do not reach the upstream and side bounaries, where freestream
conditions are speci ed. A schematic view of the computatimal domain and mesh is
depicted in Fig. 4.6. The computational domain is divided into four regions, with side I-
A de ning the cavity surface, with di use re ection and compl ete momentum/thermal
accommodation applied as a boundary condition. Side I-B is aymmetry plane, where
all ow gradients normal to the plane are zero; at the molecubr level, this plane is
equivalent to a specular re ecting boundary. This boundary condition is also applied
on the half-symmetry plane which bisects the 3D cavity. Sids Il, Ill, and IV are de ned
as freestream, and simulated particles enter and exit the dmain at these locations.

In the DSMC algorithm, the dimensions of the cells should be mall in comparison
with the length scale of the macroscopic ow gradients, whith means that the cell
dimensions should be of the order of (or even smaller than) tl local mean free path 71,
72]. The cell size also needs to be small enough to restrict c@lons to nearby particles,
but should, at the same time, contain a su cient number of particles to maintain
the statistical accuracy of the method. The time step shouldalso be chosen to be
su ciently small in comparison with the local mean collisio n time [74, 75, 197]. In the
present work, the time step and the mean collision time are 8 10 °sand 9.2 10 ©s,
respectively. Following the good DSMC practice details desribed above, a structured
computational mesh consisting of 430134 21 (x y z) cells was employed all the
cases. The total number of cells was 1.2 million and the numlreof DSMC patrticles in

the system at steady-state reached 13 million.
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Figure 4.6: Schematic of the cavity boundary conditions and computatio nal mesh.

The freestream conditions employed in the present calculabns are shown in Ta-
ble 4.1. These ow conditions represent those typically experiened by a reentry vehicle
at an altitude of 80 km in the Earth's atmosphere [19§. At this altitude, the atmosphere
is composed by 78.8% nitrogen and 21.2% oxygen and the in owdundary condition
is imposed 5 mm upstream of the cavities' leading edge plateL(,). The freestream
velocity U; is assumed to be constant at 7600 m/s, which corresponds to agestream
Mach number M; of 22.4. The surface temperatureT,, is assumed constant at 1000
K, which is chosen to be representative of the surface tempature near the stagnation
point of a re-entry vehicle, and is assumed to be uniform oveall surfaces including the
cavity. It is important to highlight that the surface temper ature is low compared to
the stagnation temperature of the air. This assumption is reasonable since practical
surface materials would be likely to disintegrate if the suface temperature approached

the ow stagnation temperature.
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Table 4.1: Freestream ow conditions at 80 km altitude.

Parameter Value Unit
Velocity (Up ) 7600 m/s
Temperature (Ty ) 198.62 K
Pressure 01 ) 1.04 N/m?2
Number density (ny )  3.793 10%° m 3
Density ( 1) 1.764 10 > kg/m?3

Dynamic viscosity ( 1) 1.321 10 ° Ns/m?
Mean free path ( 1) 3160 103 m

Assuming the cavity length L as the characteristic length, the global Knudsen num-
bersKn are 1.053, 0.526, 0.351, 0.263, and 0.211 for cavity lengtle$ 3, 6, 9, 12, and
15 mm, respectively. The global Reynolds numberfke,_ are 31.45, 60.89, 91.34, 121.78,
and 152.23 for cavity lengths of 3, 6, 9, 12, and 15 mm, respdetly, based on the
undisturbed freestream conditions.

It may be noted that parameters such as Mach number, Knudsen amber, angle of
attack, gas-surface interaction, and surface temperatur@nay play an important role on
cavity ow structure and consequently on the aerodynamic suface properties. However,
the focus of the present work is to investigate the impact of eacting and inert rare ed
hypersonic gas ows at zero angle of attack for a family of caity characterised by

length-to-depth ratio of 1 to 5.

4.3 Computational results and discussion

In this section, the impact of the cavity length-to-depth ratio on the ow eld structure

and aerodynamic surface properties is discussed. Since itaw demonstrated in the
previous sections that chemical reactions play a signi cahrole on the heating rates and
pressure loads acting on a spacecraft during reentry, cawitsimulations were performed

for both reacting and inert rare ed gas conditions.
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4.3.1 Flow eld structure

In this section, the primary macroscopic properties such aselocity, density, pressure,
and kinetic temperature are presented for hypersonic reashg ow over the cavities.
In order to better understand the impact of increasing the caity length on the ow
structure inside and around the cavities, the macroscopic pperties are measured for

a series of vertical and horizontal pro les as shown in Fig.4.7.

Figure 4.7: Schematic of the macroscopic property measurement pro les.

As shown in Fig. 4.7 the macroscopic property measurement pro les ranging from
P1 to P9 are localised upstream, above, and downstream of theavities. Inside the
cavities, the vertical pro les (P10 to P12) are taken at three di erent length positions,
0.25L, 0.50L, and 0.75L, respectively. Similarly, the horkontal pro le measurements
(P13 to P15) are located at three dierent cavity depths, 0.25D, 0.50D, and 0.75D,

respectively.
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The velocity ow eld

With the DSMC technique being a statistical method, the macroscopic properties are
computed from local averages of the microscopic propertiesThus, the local macro-
scopic velocity vector is given by the following equation,
[

m; Cj
=1

— .
=5 (4.1)

j=1

&
I
3|3

wherem and c represents the mass and the velocity vector of each individal particle,
and N is the total number of simulated particles within a cell.

It should be noted that the mean molecular velocityc ( ¢ ui +vj +wk) de nes
the macroscopic mean velocity. In addition, the velocity ofthe molecules relative to
the macroscopic mean velocity, de ned as thermal or peculiavelocity, is denoted by
c' = ¢ - cp. Since the velocity is composed by a linear combination of th macroscopic
and peculiar velocities, the mean molecular velocityc is equal to ¢y as the mean of the
random molecular motion givesc' = 0.

The velocity proles (U/U 1) for nine locations above the cavities are shown in
Figs. 4.8, 4.9, and 4.10. In this set of plots, the velocity pro les are measured at three
di erent regions, i.e., close to the trailing edge of the upsteam plate (L), above the
cavity, and at the leading edge of the downstream plate (ly) and normalised by the
freestream velocity U, . In addition, Y 4 and Yp refer to the y-coordinate direction
normalised by either the domain height H or the cavity depth D, and X, stands for
the x-coordinate direction normalised by the cavity length L.

As shown in Figs. 4.8 to 4.10 no appreciable changes in the velocity proles are
observed at these nine locations when the cavity lengths isncreased. It is worth
noting from Figs. 4.8 and 4.10 that the velocity ratio is non-zero close to the cavity
wall (Y 4 = 0), indicating the presence of velocity slip. Such a phenoranon is a classical

feature in rare ed ows and it has been well-captured by the dsmcF oam code.
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The impact of the cavity length-to-depth ratio on the velocity pro les inside the
cavity is shown in Fig. 4.11 The velocity ratio pro les are measured for three vertical
locations as a function of the cavity length L, i.e, P10 = 0.25L is located close to
the upstream vertical face of the cavity, P11 = 0.50L corresmnds to the centre of the
cavity, and P12 = 0.75L is positioned near to the downstream ertical cavity face. In a
similar manner, three horizontal velocity pro les are plotted as a function of the cavity
depth D, i.e, P13 = 0.25D which is positioned close to the cavities'ip, P14 = 0.50D
corresponds to the half-cavity depth, and P13 = 0.75D, locaéd adjacent to the cavities'
bottom surface.

On examining Fig. 4.11 for the vertical velocity pro les on the left hand side, it is
clear that the normalised velocity pro les are negative at the bottom of the cavities (Yp

-1). Moving upward, the velocity pro les becomes positive and reach a maximum
value close to the cavities opening. At this location, it is interesting to notice that an
increase in the length-to-depth ratio, from L/D = 1 to L/D = 5| eads to a velocity

augmentation of 41% in the pro le P10. In contrast, for the prole P12, the increment
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in the velocity was 21.2%. These results suggest that that arexpansion region and
a compression zone have been formed around the upstream andwinstream cavity
lips. In order have a deeper understanding of the ow eld structure inside around
the cavities, the density, pressure, and temperature eldswill be explored in the next
sections.

Still referring to Fig. 4.11, the horizontal velocity pro les are shown on the right
hand side. According to this group of plots, it is clear that the velocity is reduced as
the ow penetrates deeper into the cavity, from Yp = 0to Y p = -1. Furthermore, at
location P15, close to the cavity bottom surface, a change irthe ow topology inside
the cavity is evident. For cavities of length-to-depth of 1 to 3, the velocity pro les are
negative meaning that the ow is reversed along cavity base. Nonetheless, for L/D
= 5, the velocity achieves a minimum at location X_ = 0.15, increasing towards a
positive value at X, = 0.275 and reaching a maximum value at position X = 0.55.
Also, the normalised velocity decreases towards negativealues at location X = 0.92
and increases again close to the downstream face of the cayitFor the cavity depth of
L/D = 4, a similar trend is observed, however, the maximum postive velocity is not
as prominent as in the L/D = 5 ratio case.

In order to have a clearer picture of the ow structure around and inside the cavities,
it is instructive to present graphically the computed ow to pologies. The velocity ratio
(U/U 1) contours with streamline traces over the computational danain and inside of
the 3D cavities are shown in Figs.4.12 and Figs. 4.12 for L=D ratios of 1, 2, 3, 4, and
5. Itis evident that the ow inside cavities is characterised by recirculation structures.
The streamline patterns for L=D ratios of 1 and 2 shows that the ow has a primary
vortex system, and the recirculating structure lIs the entire cavity. A transition stage
is evident for the case where the length-to-depth ratio is egal 3. In this case, the main
ow is able to slightly penetrate into the cavity and an elongated recirculation region
with two vortex cores is formed.

For the L=D = 4 and 5 cases, a di erent ow structure is observed: two vortices
are formed, one of them close to the upstream face and the othen the vicinity of
the downstream face of the cavity. The separated shear layefrom the external stream

does not reattach to the cavity oor, and the ow is reversed along the bottom cavity
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surface for theL=D = 4. However, for the L=D = 5 case the recirculation regions are
well-de ned and the separated shear layer is able to penetta deeper into the cavity
and attach itself to the cavity base wall, enhancing momentun and energy transfer to
the bottom surface.

It is important to highlight that in the continuum regime [ 63], the two recirculation
regions and ow attachment to the cavity bottom surface occurs when the length-to-
depth ratio is equal or greater than to 14 (Fig. 1.4). However, the same phenomena
is observed in the transitional regime when the cavityL=D = 5. In this case, even a
small cavity under rare ed gas conditions could promote seious damage to the heat
shield during reentry, as the ow attaches to the cavity bott om surface when the L/D

ratio is much lower to those observed in the continuum regime
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Figure 4.13: Velocity ratio (U/U 1 ) distribution inside the cavities as a function of L/D ratio
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The density ow eld

The density within the computational cells on the dsmcFoam code is obtained using

the following expression,

R
NF i
N j=1
= nm= = ; 4.2
TN (4.2)

where n is the local number density, m is the molecular mass, andN and N are,
respectively, the average and total number of simulated paicles within a given cell.
Furthermore, Fy represents any number of real particles and Y is the computational
cell volume.

The impact of the cavity length-to-depth ratio on the density pro les is investi-
gated in this sub-section. In a similar manner to the velociy pro les, the density is
normalised by the freestream density ; and measured at di erent location above and
inside the cavities.

Normalised density pro les for the region above the cavity ae show in Figs.4.14, 4.15
and 4.16. According to these gures, it is observed that the density ratio experiences
signi cant changes in the vicinity of the upstream (L ) and downstream (Lg4) plates.
For the region con ned between Yy 0 and Yy = 0.035, the density ratio is high
adjacent to the walls and then rapidly decreases towards a mimum value. This char-
acteristic is observed when the body surface is colder tharhe stagnation temperature
of the incoming gas. Consequently, the density close to theusface tends to be higher
than of the rest of the wall surface boundary layer.

Still referring to this group of plots, it is noticed that inc reasing the L/D ratio
promotes a signi cant change in the density distribution close to the upstream cavity
lip and above the downstream plate (Ly). As the ow expands around the lip, a
wake region is formed with a signi cant impact on the density ratio reduction. This
phenomenon is clearly observed in the magni ed view of the pr le P3 in Fig. 4.14. In
addition, as the ow penetrates deeper into the cavities, wken the L/D ratio is increased,
a compression region arises in the vicinity of the downstrea vertical surface, having
a signi cant in uence on the density pro le disturbance at L 4, where the density ratio

increases signi cantly and reaches a maximum value of 1.3 side the shock structure
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at pro le P9. Close to the upper boundary condition (Y 4 = 1) the freestream density
values are recovered.

Figure 4.17 shows the normalised density pro les for six locations indie the cavity.
From this group of plots, it is quite clear that the cavity len gth-to-depth ratio plays
a very important role in the density distribution inside the cavities. For prole 10
(P10), it is observed a slight decrease in the density up to loation Yp = -0.1 and an
increase downwards to the cavity bottom surface. Furthermaee, it worth noticing that
the density is smaller than the freestream density ; ( / 1 < 1) for the cavities of
L/D = 4 and 5. This is a important indication that a increased c avity length promotes
a wake region close to the upstream vertical surface, with th characteristics of a ow
expansion. On the other hand, at location P12, a pressure ré augmentation of 41.3%
is observed at the bottom surface for L/D = 5.

Three horizontal density pro les are shown on the right hand side of Fig.4.17 as a
function of the cavity depth. According to these plots, the density ratio for cavity L/D
=1 to 3 is smaller than 1.0 up to a location X_ = 0.35, then increases to a maximum
value close to the downstream vertical surface.

In order to obtain a better insight into the density distribu tion, Figs. 4.18and 4.19
show the density contour maps over the computational domainand inside the cavities.

According to Fig. 4.18 no signi cant changes in the density contours is observed
above the cavities when the length-to-depth ratio is increged. However, it is possible to
notice a thin layer of high density in the vicinity of the upst ream (L) and downstream
(Lg) plates, as already demonstrated in the density pro le studes at Figs.4.14and 4.16.
Furthermore, the high density region formed above the caviy due to the attached shock
wave at the L, leading edge remains unchanged for the range of L/D =1 to L/D = 5.

Finally, the normalised density contour maps inside the caities are shown in Fig.4.19.
From this group of plots, it is quite evident that the cavity | ength-to-depth ratio plays
a signi cant role in the density distribution inside the cav ities. As the cavity length is
enlarged, the expansion into the cavity is characterised bya low density region, reach-
ing a minimum of 0.5 close to the upstream vertical wall. In catrast, as the ow
penetrates deeper into the cavity when the L/D ratio is increased, the DSMC particles

are compressed against the downstream vertical surface antbnsequently a maximum
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L

Figure 4.18: Density ratio ( / 1 ) distribution over the computational domain as a function o f
L/D ratio.
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Figure 4.19: Density ratio ( / 1 ) distribution inside the cavities as a function of L/D ratio
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The pressure ow eld

The pressure determined by thedsmcF oam code is obtained using the following ex-

pression,

)
1 —% 1NF mjcoz
—_ 0”2 _ N j=1 .
= -nmc~ = - ;
P=3 3V, N

wheren is the local number density, m is the molecular massc' is the thermal velocity,

(4.3)

N and N are, respectively, the average and total number of simulaté particles within
a given cell, andV, is the computational cell volume.

In a similar approach, to the velocity and density pro les studied in the previous
sub-sections, Figs4.20, 4.21, and 4.22 show the in uence of the cavity length-to-depth
ratio on the pressure pro les for nine vertical locations alove the cavity. In addition,
all of the pro les are normalised by the freestream pressure; .

According to these set of plot, no apparent changes on the pssure pro les above
the cavity is observed, However, it is encouraging to note a écrease of pressure for
pro le 3 at the region close to the upstream cavity lip. This situation reinforce that
stronger expansion occurs when the cavity length is increa&sl. In addition, as the L/D
ratio is increase from 1 to 5 it is observed a convergence on ¢hpressure values at this
region, meaning that no signi cant changes will occurs if the L/D ratio is increased
beyond L/D = 5.

The e ects of the L/D ratio on the pressure pro les located inside the cavities are
shown in Fig. 4.23 In this set of plots, the left- and right columns correspondto the
horizontal and vertical pro les, respectively. Firstly, o n the left hand side, it is evident
that the pressure ratio inside the cavities decreases fromhe top to the bottom of the
cavities for the range of L/H ratio investigated. Furthermore, when the pressure ratios
are compared for L/D = 1 and L/D = 5 at the top and bottom of the ca vity, an
increase in the pressure of 19.2% and 50% is evident. This irease in pressure at the
bottom surface for L/D = 5 and pro le 12 demonstrates that the length of the cavity
plays an essential role on the pressure augmentation. In corast to the continuum
regime where the ow attaches to the cavity bottom surface wken L/D > 14, in the

rare ed regime, this behaviour is observed for cavity lengh-to-depth greater than 5.
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In this way, thermal protection system cavities, caused by he fabrication process (i.e.
panel-to-panel joints) or damage promoted by external impa&ts (micro meteorites, ice
droplets, etc) represent a potentially catastrophic featue under rare ed gas conditions.

In to have a better insight into the pressure ratio distribut ion over the computational
domain and inside the 3D cavities, pressure-contour maps va been created. According
to Fig. 4.24, in the vicinity of the upstream plate leading edge (L,), the pressure is
100 times larger than the freestream pressure. Due the largemount of kinetic energy
present in a hypersonic ow, this energy is converted by paricle collisions into an
augmented thermal energy surrounding the body and an increse in the local pressure.

Still referring to Fig. 4.24, no appreciable changes in the pressure values are observed
for a small cavity, i.e, L/D = 1. On the other hand, as the cavity length is increased, a
high pressure region is formed in the vicinity of the downsteam cavity lip (downstream
plate leading edge (lg)), which may reach almost 90 times the freestream pressure
at prole 06. Such a pressure increase may result in catastqohic consequences for
spacecraft with a damaged heat shield.

Finally, the normalised pressure contour maps inside the odties are presented
in Fig. 4.25 As mentioned previously in the description of the velocity and density
pro les, an expansion region is formed close upstream to theertical surface when the
cavity L/D ratio is increased. The ow separation occurs at t he cavity lip and the ow
attachment point depends on the cavity length. For the maximum L/D ratio studied,
the ow is able to penetrate deeper in to the cavity promoting a decrease in the pressure
and density ratio in the expansion region. In addition, as the ow proceeds inside the
cavity, the freestream particles strike directly on the downstream vertical cavity surface

and consequently pressure and density augmentation is detéed in this area.
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L

Figure 4.24: Pressure ratio (p/p 1 ) distribution over the computational domain as a function o f
L/D ratio.
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Figure 4.25: Pressure ratio (p/p 1 ) distribution inside the cavities as a function of L/D ratio
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The temperature ow eld

During atmospheric reentry, a bow shock formation is one of he main characteristics
of a supersonic/hypersonic ight. Across shock waves, partof the high kinetic energy
present in the ow is rapidly converted to thermal energy having signi cant increase
on the temperature and pressure in the shock wave region. As eonsequence of the
temperature augmentation, the molecules which surroundshe re-entry vehicle become
excited and thermal-kinetic energy exchange is performedybsuccessive intermolecular
interactions. Following this, a relaxation process betwea translational and internal
modes takes place in order to force each mode towards the edjbrium state. Thermo-
dynamic equilibrium occurs when there is, statistically, mmplete energy equipartition
between translational and internal modes. In this sense, tB thermodynamic tempera-
ture is de ned when the temperatures based on each energy med i.e., translational,
rotational, vibrational and electronic temperatures, are equal to each other. However,
the relaxation time, commonly expressed in terms of the relgation collision number,
di ers from one mode to another. Therefore, thermal nonequilbrium arises if the local
collision frequency is not su cient to return the molecules to the total statistical equi-
librium. In this scenario, for a gas in chemical and thermodyamic nonequilibrium,
the overall temperature (Toy) is de ned in as the weighted average of the translational
(T ¢ra ), rotational (T o), and vibrational (T ;) modes with respect to the degrees of

freedom () [20], as follow:

_ 3Ttra + rot Trot + vibTvib,
3+ ot tovib

(4.4)

Translational, rotational and vibrational temperatures are obtained for each cell in

the computational domain through the following equations,

[
1 1 mj C02
_ 2 _ j=1
Tiga = =—mMC” = — ; 4.5
va = g e N (4.5)
("rot)j
2m|| 2 .=
Trot = ot = = ; (4.6)
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_ vib _ vib .
Tvip = . L 4.7)
+ 2B_vib .
In 1 vib In 1+ 7;5 vib

- (vib)j
j=1

where kg represents the Boltzmann constant,”;o; and *j, are average rotational and
vibrational energies per particle computed within the respective cell, and i, the
characteristic vibrational temperature.

In a di erent manner from the previous sub-Sections, the temperature pro les are
presented here for cavity length-to-depth ratios equal to 1land 5, i.e, for smallest and
biggest cavities considered in this study. From L/D = 2 to 4, t he results are intermediate
and will not be presented.

The in uence of the cavity length-to-depth ratio on the temp erature pro les above
the cavities are shown in Figs4.26, 4.27, and 4.28 In these plots, overall, translational,
rotational, and vibrational temperatures are normalised by the freestream temperature
(T1 ). In addition, empty and full symbols refer to pro les for L/ D of 1 and 5, respec-
tively.

In analysing this group of plots, it is clear that thermodynamic non-equilibrium oc-
curs outside the cavities. Thermodynamic equilibrium is atieved in the undisturbed
freestream, i.e, far from the cavities surface and close tde top boundary condition (at
location Yy = 0.8). It worth noting that the overall temperature, de ned by Eq. 4.4,
is equivalent to the thermodynamic temperature only under thermal equilibrium con-
ditions and the ideal gas equation of state does not apply to liis temperature in a
non-equilibrium situation.

Close to the upstream (L,) and downstream (Ly) at plate surfaces, at location Y 4

0.075 , the translational kinetic temperature rises to wellabove the rotational and
vibrational temperatures and reaches a maximum value of 75. times the freestream
temperature. Since a large number of collisions are requitkto excite the vibrational
mode of the particles from their ground state to the upper stde, the vibrational tem-
perature is seen to increase much more slowly than the rotabinal temperature. At
location Yy 0, the translational, rotational, vibrational, and overal | kinetic temper-

atures decrease, and reach a wall surface value that is in ezss of the wall temperature
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(Tw = 1000 K = 5.03T ; ), resulting in a temperature jump [199 and also indicating
that the thermodynamic equilibrium is not achieved in the wall surface boundary layer.

Still referring to Figs. 4.26, 4.27, and 4.28 the major aspects of the temperature
proles of L/D = 1 and 5 are: (1) thermodynamic equilibrium is not achieved in the
boundary layer, (2) the presence of a temperature jump, and §) the cavity length-to-
depth ratio has no signi cant e ect on the temperature ratio p ro les above the cavity
for the cases investigated.

Figure 4.29 presents the temperature ratio pro les inside the cavities The vertical
and horizontal temperature pro les are shown as a function é the cavity length and
depth, respectively. Again, only the results for L/D = 1 and 5 is demonstrated in this
set of plots.

According to Fig. 4.29 on the left hand side, a high temperature ratio is observed
at the top of the cavity and then it decreases to reach minimumvalues at the cavity
bottom surface. In addition, it is worth highlighting a high degree of thermodynamic
nonequilibrium at the cavity opening, however, as the ow moves downwards towards
the cavity bottom surface, the conditions are driven towards thermodynamics equilib-
rium.

It is important to remark that the translational temperatur e at the top of the cavity
for L/D = 5 at location P10 is 23.8% higher than P12. As P10 is characterised by a
expansion region, a temperature decrease was anticipated ithis region; however, the
increase observed at P10 is associated with the high tempe&re generated by the
attached shock wave on the upstream plate (k). This e ect is clearly observed from
the translational temperature contours maps in Fig. 4.30

Figure 4.29 on the right hand side, presents the temperature ratio for 3horizontal
pro les inside the cavities. For L/D = 1, the temperature rat io is low in the vicinity of
the upstream vertical surface and increases to a maximum vak, at the cavity opening.
The di erence in the overall, translational, rotational, an d vibrational temperatures is
very small when compared to the cavity length-to-depth ratio equal to 5. Considering
the biggest cavity (L/D = 5), it is observed that the temperat ure is low in the expansion
region, increasing to a maximum value which depends on the &ity depth, and then

decreases again towards the downstream vertical surface.uRhermore, at the cavity
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bottom surface (P15), an increase of 38 times on the temperate ratio is observed
when the cavity length-to-depth ratio is increased from 1 to 5, representing a highly
dangerous situation in case of heat shield damage.

Finally, it is instructive to present the translational tem perature contours maps
inside the cavity. As depicted in Fig. 4.31, the development of a high temperature region
above the cavity is due to the shock wave at the cavity leadingedge. No appreciable
changes in the translational temperature contour are obsered for L/D = 1, however,
as the cavity length is increased, it is evident that hotter gas coming from the shock is

able to penetrate deeper into the cavities and contribute tothe temperature rise.
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L

Figure 4.30: Temperature ratio (T «a /T 1 ) distribution over the computational domain as a

function of L/D ratio.
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Figure 4.31: Temperature ratio (T/T 1 ) distribution inside the cavities as a function of L/D

ratio.
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4.3.2 Aerodynamic surface quantities

The aerodynamic surface quantities of particular interestin this study are the heat
transfer, pressure, and skin friction coe cients. The in u ence of the cavity length-to-
depth ratio as well as the impact of hypersonic reacting and pn-reacting ows on these

gquantities are discussed below.

Heat transfer coe cient

The heat transfer coe cient C;, is de ned as:

Ow
Ch = - (48)
110

where the heat ux q, to the body surface is calculated as the net energy ux of
molecules impinging on the surface. A ux is regarded as posve if it is directed
toward the body surface. The net heat ux q, is related to the sum of the translational,
rotational and vibrational energies of both incident and re ected particles as de ned
by,
8 9
Ov = G Or:F—N)Ql : %mjcjz"'eRj"'er _ X %quz"'eRj"'er . 49
i=1 b=t r’
where Fy is the number of real molecules represented by a single simaikd particle,
t is the time step, A the cell surface area,N is the number of particles colliding
with the surface per unit time and unit area, m is the mass of the particles,c is the
particle velocity, and eg and ey are the rotational and vibrational energies, respectively
Subscriptsi and r refer to incident and re ected particles.

The e ects on the heat transfer coe cient C;, due to variations in the cavity L=D
ratio is shown in Fig. 4.32 In this set of plots, the heat ux was measured along the
cavity centre line for surfaces $ to Ss. In addition, X, Xl‘_), and X, represent the
horizontal surface dimensions normalised by their respecte lengths, and Yp refers to
the depth y normalised by the cavity depth D.

According to Fig. 4.32 there are no apparent di erences onCy, along the surface

S; when the cavity length is increased. For the range olL=D ratios investigated, the
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heat transfer coe cient is low at the leading edge, increass to a peak value ofCy, =
0.028 at location X, = 8.0, and then slightly decreases downstream towards the caty
upstream corner, i.e., at the junction of surfaces $and S,. Due the compression region
formed around the downstream cavity shoulder, it is observd that C;, along the surface
S5 is largest at surface junction §-Ss and decreases downstream to a minimum value
at the trailing edge. It pointing out that the downstream dis turbances caused by the
presence of the cavity where theCy, along the surface g for L/D = 5 shows slightly
lower values of G, when compared with L/D = 1.

For the backward facing, surface 3, the heat transfer coe cient Cy is high at the
cavity entrance Yp = 0, and decreases to a minimum value close to the cavity corme
Along the cavity oor, surface Sz, C, depends upon theL=D ratio and consequently on
the ow structure inside the cavity. In general, Cy, increases from near zero at location
X =0 to reach a maximum at location X = 0.9, close to the surface junction $-S;.
In addition, the larger the L=D ratio the larger the maximum value attained by C;,. For
the forward facing surface Q, Cy, is highest at the top of the cavity, and it is observed to
decrease along the surface, reaching lower values at the dgvcorner. It important to
observe that the C;, values along the surface $are two order of magnitude larger than
those found for the the surface 3. As the cavity length is increased, a strong expansion
region is produced in the vicinity of the surface $ leading to a signi cant reduction
in the heat transfer coe cient. In contrast, due the deeper particle penetration into
the cavity, the ow is compressed against the surface $ contributing to heat ux
augmentation at this region.

Figure 4.33 shows the in uence of chemical reactions on the heat transfecoe cient
for a cavity of length-to-depth ratio equal to 5. In these plots, full symbols and empty
represents the inert gas ow the reacting ows, respectivey. With the chemical reac-
tions being dominated by endothermic processes (dissocian), part of the freestream
energy is used to excite and break the air molecules. Duringte simulation, an attached
shock wave occurred at the leading edge of the upstream at @te (L,), however, it
was not strong enough to activated the full set of 19 chemicateactions. Consequently,

a reduction in the heat transfer coe cient C;, is only observed along surfaces sSand

Ss.
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From this group of plots, it is evident that the cavity length -to-depth as well as
the chemical reactions play a key role in the heat ux distribution. By increasing the
L=D ratios the molecules from the freestream may penetrate deep into the cavity
enhancing the momentum and energy transfer to the internal valls of joint-to-joint

panels or thermal protection system damage.
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Pressure coe cient

The pressure coe cient Cp, is de ned as:

Pw P
1 U

[y

Cp = (4.10)

Nl E
LoV}

where the pressurep,, on the body surface is calculated as the sum of the normal

momentum uxes of both incident and re ected molecules at eah time step, i.e.:

Fy X

Pw=pP Pr= At f[(mecy)li  [(mcn)jlrg (4.11)
j=1

where ¢, is the normal component of the velocity of the DSMC particle] .

The variation in the pressure coe cient C, along the cavity surfaces $ to Ss is
plotted in Fig. 4.34 for various L=D ratios. Along surface § it is clear that C,, shows
a similar behavior for all of the 3D cavities investigated. However, along the surface $
it is observed that the L=D ratio plays an important role in the pressure augmentation
at the leading edge of this surface. The presence of small digntinuities in the ther-
mal protection system is almost imperceptible for the inconing freestream particles.
However, by increasing the cavity length-to-depth ratio, the freestream is e ectively
disturbed by the presence of the cavity.

The pressure coe cient on surface $ is small at the cavity entrance, Yp =0, due the
expansion around the surface junction $S,, but increases along the surface reaching
a maximum value at location Yp = 0.6 and then decreases towards the cavity corner.
Along the cavity oor, surface Sz, Cp increases and reaches its maximum value near
the junction of the surfaces § and S;. According to Fig. 4.25 a high density region
is observed at this junction, which contributes to high presure augmentation in this
region.

Along the forward facing surface S, the pressure coe cient behaviour contrasts
with that observed along $, in the sense thatC, has its lowest value at the location
Yp = 1.0, and increases steadily along the surface, reaching agak value at the sur-
face junction -Ss. This phenomenon is expected since the ow develops into a gh

compression region along this surface, mainly towards theavity lip represented by
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the junction of the surfaces § and Ss. It is important to highlight that the pressure

coe cient at surface Sy is an order of magnitude greater than at surfaces Sand S;.

Finally, the impact of reacting and non-reacting ows over a 3D cavity of L/D =5

is shown in Fig. 4.35 In a similar manner to the heat transfer coe cient, it is seen that

the chemical reactions have no apparent e ect on G along the surfaces §, Sz, and &.

However, a signi cant e ect of chemical reactions is observd at surfaces $ and Ss.
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Skin friction coe cient

The skin friction coe cient Cs is de ned as:

Cf =__ W (412)
07

where the shear stress,, on the body surface is calculated as the sum of the tangential

momentum uxes of both incident and re ected molecules impinging on the surface at

each time step,

X!

w= r=,f—th:1f[(mct)j]i [(meo) g (4.13)

where ¢; is the tangential velocity component of the velocity of the DSMC patrticle j .
For the particular case of completely diuse re ection, which is the gas-surface
interaction model adopted in the present work, the re ected particles have a mean
tangential momentum of zero, since the particles lose, on @&rage, their tangential
velocity components. The net tangential momentum ux can therefore be simpli ed

to:

1 X

TA
j=1

w =

[((mcy); Ji (4.14)

The impact on the skin friction coe cient C; due to changes in the 3D cavityL=D
ratio is shown in Fig. 4.36, for surfaces $ to Ss. The skin friction coe cient for surfaces
S; and S follows a similar trend to that described for the heat transfer coe cient Cy,
in Fig. 4.32 However, it is observed that the peak values forC; along surfaces $
and S are 61.7% and 71.5% larger, respectively, than those obsexd for the pressure
coe cient. As a result, the tangential forces, associated with the shear stress, are larger
than the normal forces, which are related to the wall pressue, in this region.

The skin friction coe cient along surface S, is highest at the cavity entrance, Yp
= 0, and decreases along this surface reaching a smaller vaiat the cavity corner. For
the cavity oor, surface Sz, the C; behavior is in uenced by the value of L=D. It is

negative in the vicinity of the S,/S3 junction, then it becomes positive and reaches a
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maximum value that depends on theL=D ratio. In contrast with surface S,, on the
forward facing surface g the skin friction coe cient is always negative.

Normally, when C; changes from positive to negative, the conditionC; = 0 may
indicate the presence of a back ow, an attachment or a reatt@hment point. Here,
these are directly related to the clockwise recirculation sucture, de ned by a primary
vortex system observed for theL=D = 1 and 2 cases, and two recirculating structures
observed for theL=D = 3 and 4 cases.

Skin friction measurements along the cavities' centre-lie for inert and reacting gas
ows are depicted in Fig. 4.37. According to this set of plots, there are no appreciate
changes in the G value at the surfaces 3, Sz, S4, and Ss. Contrary, to the heat transfer
and pressure coe cient, the skin friction distribution alo ng the surface $ demonstrates

a signi cant increase when chemically reactive ows are empoyed in the calculations.
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Chapter 5

Conclusions

Validation and veri cation studies of the new open source DMC code dsmcF oam
have been undertaken for both inert and chemically-reactig, hypersonic rare ed ows.
The novel chemistry approach called the Quantum-Kinetic (QK) model, recently imple-
mented in dsmcFoam, has been explained in detail and assessed against experimntal
measurements and analytical solutions for both equilibriun and nonequilibrium con-
ditions. The QK results showed close agreement for dissodian reaction rates with
their experimental and analytical counterparts. However, for certain exchange reac-
tions, modi cations to the adjustable parameters in these reactions were found to be
necessary in order to correctly match with the measured and malytical results. Fur-
ther veri cation trials were executed on a variety of simple and complex test cases.
Firstly, high-speed, rare ed ow of an inert gas over a sharp and truncated at plates
were considered with the results showing highly satisfacty agreement in compari-
son with experimental data and DSMC results from an alternaive code. In addition,
dsmcF oam predictions over the Mars Path nder probe showed good leved of con-
currence in comparison with published physical data and otler numerical solutions.
Chemically-reacting ows over a 2D cylinder demonstrated excellent agreement com-
pared with a solution using the established DSMC code MONACO 3D studies of
high-enthalpy, rare ed ow over the Orion Command Module were executed at two
altitudes on the re-entry trajectory, 95 km and 105 km. The inclusion of chemical
reactions in the dsmcF oam calculations resulted in an alteration of the ow structure

with a reduced shock stand-o distance, a signi cant reduction in the translational,
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rotational and vibrational temperatures in the shock layer, and a large decrease in
the predicted convective heat ux to the vehicle surface wh& compared with the in-
ert gas case. The activation of endothermic dissociation r&ctions in the calculations
led to temperature reductions of 25.3% and 18.5% compared i inert ow for the
lower and higher altitudes, respectively. Comparisons wih NASAs DAC DSMC code
showed highly satisfactory concurrence for the predicted ow eld, including chemical
composition.

Surface discontinuities on the Orion thermal protection system were considered
and modelled as a family of cavities with varying length-to-depth (L/D) ratios. The
magnitude of the L/D ratio was shown to have a signi cant e ect on the ow structure
inside and outside the cavities and heavily in uenced the aeothermodynamic quantities
acting on the thermal protection system and entire body geonetry. It was concluded
that even the smallest of cavities could provoke a signi cam increase in heat transfer
and surface forces. Under rare ed conditions, twin recirclating vortices were found
to exist inside the cavity when L/D = 5; however, the same pheromena is observed
in the continuum regime for L/ID > 14. As the ratio of L/D was increased, ow
penetration into the cavities resulted in an augmentation d the aerothermodynamic
surface properties acting on the body.

For the rst time multidimensional cavity ows was investig ated under thermal and
chemical nonequilibrium conditions. It was possible to caegorise the ow structure
and aerodynamic surface quantities for a wide range of cavis in which demonstrated
signi cant di erences when compared to those studied in the ontinuum regime.

In addition, the results presented in the present thesis clarly shown that a knowl-
edge of the chemically reactive ows play crucial role for the precise characterisation

of the vehicle aerothermodynamics and thermal protection gstem design.

5.1 Future work

Normally, discontinuities in the thermal protection systems are modelled by considering
ow over a at plate with a cavity. This does not represent an i deal approach for solving
such problems, since the shock wave is attached to the leadijnedge of the at plate and

the ow conditions behind the shock do not accurately repregnt real reentry conditions.
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An attached shock wave may be also highly dangerous during t reentry and for this
reason blunt bodies have been used for decades. Such vehictenerate detached shocks
resulting in a signi cant reduction in the heat transfer to t he vehicles surface. In other
cases available in the literature, simulations have been pérmed taking into account
TPS discontinuities embedded in the vehicles surfacebp, 68, 200.. However, since the
damage (or TPS joint-to-joint junctions) can be an order of magnitude smaller than
the spacecraft characteristic length, a precise analysisf@erodynamic surface properties
and ow structure inside and around these discontinuities becomes di cult due to the
large di erences in scale.

Bearing this length scale separation in mind, a new techniga is proposed by the

author for future work considerations. This methodology casist of 3 main steps:

1. Perform simulations of a full 3D undamaged vehicle.

2. Extract ow eld values (velocity, number density for eac h species, and transla-
tional, rotational, and vibrational temperatures) for a sp eci ¢ region close to the

full undamaged vehicle (smooth surface).

3. Perform TPS discontinuity simulations using the extracted ow eld values as the

new boundary condition. A schematic view of this new technigie is shown in

Fig. 5.1
_______________________________ ST o S
O
O ol ¢
O ' —
O
7y O O t.

Figure 5.1: Orion computational domain (left) and ampli ed view of the ow eld properties

extraction region for Orion smooth surface heat shield (rig ht).
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Initial numerical trials of this methodology have shown promise and the general

research contained in this thesis opens a nhumber of avenuesrffuture investigations:

Precise investigation of thermal protecting systems discotinuities through the

ow extraction technique;

Extension of the dsmcF oam code to include charged particles in order to inves-

tigate plasma formation around re-entry vehicles;

Since the spacecrafts TPS are made of di erent materials, gasurface interaction

assessment becomes necessary;
Surface ablation, outgassing and surface chemistry analis

Study the in uence of the cavity shape and depth on the ow el d structure and

aerodynamic surface properties;

E ect of angle of attack and surface temperature on hypersont rare ed cavity

OWS;

Investigation of transient e ects and wall catalicity.
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Appendix A

Veri cation process for TPS

discontinuities

The simulation procedures adopted in Sectior.1 for hypersonic ow over a at plate were also
applied to the cavities investigated in Chapter 4. Simulations were performed with computa-
tional meshes that met the general requirements for the DSMC tehnique. For the particular of
cavity length-to-depth ration is equal to 5, the standard structured mesh was created using a
simple cuboid with 430 134 20cellsinx ,y ,andz coordinate directions, respectively.
Figure A.1 shows a schematic of the computational mesh with a total of 1.15 millia cells. The
in uence of the cell size on the aerodynamic surface quantities is slwn in Figs. A.2 to A.4 for
coarse, standard, and ne meshes. According to this group of pks, the cell size demonstrated
to be insensitive to the range of cell spacing considered indicating it the standard mesh is
essentially grid independent.

A similar examination was conducted for the time step size. A refereoe time step of 3.78

10 ° s is chosen; this is signi cantly smaller than the freestream mean collien time and
small enough to ensure particles will spend multiple time steps in a singleell. From Figs. A.5
to A.7, it is noticed no alterations on the aerodynamic surfaces quantitiesvhen the time step
is reduced or increased by a factor of four.

In addition to the mesh and time step sensitivity analysis, simulations were conducted in
order to characterise the impact of the number of particles and semples on the computational
results. Considering the standard mesh for L/D = 5 cases, with a tdal of 12.8 million particles,
two new cases were investigated. Using the same mesh, it was empéoly6.4 and 25.6 million
particles in each simulation, respectively. In similar fashion, three di erent number of samples

were considered in order to determine and minimise the statistical eor. According to Figs. A.8
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to A.13, a total of 12.8 million particles and 600,000 samples were necessany fully solve the

rare ed hypersonic reacting and non-reacting ows over the cauty.

Table A.1 shows the standard veri cation parameters for rare ed hypersonic ow over 3D

cavities considered in the present study.

Figure A.1:  Schematic of the computational mesh (L/D = 5): a) cavity full domain, and b)

inside the cavity.

Table A.1: Standard veri cation parameters for rare ed hypersonic o w over 3D cavities.
Number of Time step Number of Number of
L/D ratio .

cells (s) Particles Samples

1 1.05 million 3.78 10 ° 11.4 million 600,000

2 1.08 million 3.78 10 ° 11.7 million 600,000

3 1.10 million 3.78 10 °  11.9 million 600,000

4 1.13 million 3.78 10 ° 12.1 million 600,000

5 1.15 million 3.78 10 °  12.8 million 600,000
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Spatial discretisation e ects
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Figure A.2: Inuence of cell size on heat transfer coe cient (C ) along the cavity surfaces.
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Time discretisation e ects
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Particle number assessment
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Sampling e ects
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Appendix B

OpenFOAM tutorial case

Here, we present the main steps required to run a simulation using ta dsmcFoam hosted at
the OpenFOAM C++ Computational Fluid Dynamics toolbox. In the Ope nFOAM 2.3.0, four
tutorial cases (freeSpacePeriodic, freeSpaceStream, supenicCorner, and wedgel5Ma5) are
available in the tutorials folder (path: Tutorials > dicreteMethods
> dsmcFoam) for training purposes. However, an additional case wadeveloped in order to
introduce the DSMC technique to new users.

In this tutorial case, the Orion Command Module reentry at an altitu de of 107 km and 30
angle of attack [L94. The freestream properties are shown in TableB.1 and are also available
in Ref. [199 is considered. The wall temperature is set at 1000 K and di use reection with

complete thermal accommodation is the boundary condition applied a wall boundary condition.

Table B.1: Freestream conditions for Orion C.M at 107 km altitude.

Parameter Value Unit
Velocity (V1) 6053.4 m/s
Temperature (T ) 217.63 K
Number density (n1 ) 3532 1018 m 3
Density ( 1) 1.610 10 7 kg/m?3
Pressure (p ) 0.011 10 2 Pa

The open source DSMC code in OpenFOAM was created as a collaboiah between
OpenCFD Ltd and the University of Strathclyde as extension to the Molecular Dynamics code
developed R0]] and it is freely available for download under the GNU general public licace. It

is possible to download the OpenFOAM using the Synaptic Package Maager or via terminal

181
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commands according to the OpenFOAM website instructions 207.

Each tutorial cases is composed of three main directories: Igonstant - Mesh and specic

data for the gas species to be used during the simulation are specickin this directory; 2)

system - contains all of the information related to boundary and freestream conditions, time

step, and sampling; and 3)0 - this folder is created during the particle initialisation process and

comprises all of the information for particles' position, velocity, temperature, number density,

pressure, etc.

In order set up and run the tutorial case, the following steps shoid be executed:

1.

10.

11.

12.

Create a run directory (path: Home> OpenFOAM> Run);

Copy the tutorial case to the Run directory;

. Calculate the VHS mean free path 149 according to the freestream conditions;

Create a cubic mesh using theblockMeshDict at 0 directory and execute it using the
command \blockMesh". The cell size must have 1/3 of the mean fregath size and the

boundary conditions (inlets, outlets, symmetry planes, and walls) nust be de ned.

To check the the cubic mesh, use the command \checkMesh". Yoshould receive infor-
mation about the number of cells, cells are and volume, orthogonalityand boundaries.

In addition, you should visualise the message \Mesh OK"

. Used a CAD program to generate the Orion geometry and exportt to .stl le;

Calculate the time step based on the freestream velocity and mogrobable velocity.
Update the controlDict for the new time step and choose the data writing interval. In
addition, resetOnOutput should be set as \on" to avoid the storage of the simulated data

during the transient solution;

At boundariesDict, specify the Orion wall temperature, gas-surface interaction, itets and

outlets conditions;

. De ne the freestream properties atdsmclnitialiseDict ;

With all the boundaries and freestream conditions de ned, ope a terminal window and
run the command \snappyHexMesh -overwrite". The snappyHexMeshutility is used to
modify the cubic mesh previously created and “snaps' it to take on te shape of any CAD

geometry and producing a unstructured mesh;
Check the snapped mesh using the command \checkMesh" or keckMesh -allGeometry";

In the terminal window, use the command \dsmclnitialise" to intr oduce particles at the

computational domain and initialise the boundaries conditions;
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13.

14.

15.

16.

17.

18.

19.

To run the case in a single core use the command \dsmcFoam log &" followed by the

command tail -f log in order to visualise the code outputs.

To run the case in parallel, rstis necessary to determine the nmber of processors to be
used at the \decomposeParDict" and use the command \decompaPar" to decompose
the computational domain. Each processors will be used in a speci aegion of the

computational mesh.

Use the command \mpirun -n 8 dsmcFoam -parallel> log &" followed by tail -f log to
run the tutorial case in parallel. The number 8 corresponds to the mmber of processors

used in the decomposition process in the previous step;

During the running interval the transient and steady state may be determined by mea-
suring the kinetic energy and the number of particles into the comptational domain.
This information is available in the log le and could be read by a gnuplot saipt in real

time;

When the kinetic energy and number of particles reached a plagu, switch the re-

setOnOutput \on" to \o " and the sampling process will take place;

Finishing the simulation, use the command \reconstructPar -latestTime" to reconstruct

the results for each processor;

Use the paraView to post-process the results (command: paFoam) or any other post-

processing programs such as Tecplot.
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