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Abstract
When the plume of a thruster impinges on spacecraft surfaces and instruments, the ow is either in the transitional or the free-molecular regime.
The standard method to simulate the transitional regime is Direct Simulation
Monte-Carlo, which simulates free-molecular gases too. In order to improve
Astrium's capabilities and exibility for plume-spacecraft interaction analysis, the DSMC code DS3V was interfaced with the Astrium tool for thruster's
plume computation PLUMFLOW and with a commercial 3D modeler. This
has allowed Astrium to perform plume impingement analysis in complex congurations such as instrument cavities in the Bepi-Colombo spacecraft.
The Astrium tool SYSTEMA/PLUME uses a simplied and fast approach
to perform the same kind of analysis. In order to asses its accuracy, SYSTEMA/PLUME results were compared with DS3V results in a conguration
where the ow is in the transitional regime. The SYSTEMA/PLUME approach
is based on the assumption that the ow is in the free-molecular regime so as
the ow becomes less rareed, the results become less accurate. However, both
method showed good agreement and the deviation between the predicted plume
impingement eects was less than 15% .
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Chapter 1

Introduction
Plume impingement on spacecraft surfaces and instruments due to chemical propulsion is a major concern during attitude control operations. It may cause thermal
uxes, forces, torques and contamination on the spacecraft surfaces and instruments.
Consequently, in order to iterate eciently during the design phase, it is necessary
to use a tool able of simulating the ow eld from the thruster and its interactions
with the spacecraft. The Space Physics section of the Modeling, Tools and Simulation (MOS) department in EADS Astrium Satellites in Toulouse is responsible for
plume-spacecraft interaction analysis on Astrium spacecrafts. This department is
responsible too for development of the necessary simulation and modeling tools.
In space, the plume of a chemical thruster is a rareed gas ow. The continuum
equations, like the Navier-Stokes equations, are not valid under these conditions.
The ow can be modeled as a continuum medium only inside the thruster but far
from the thruster, when the gas is very rareed, it can be assumed that the ow is in
the free-molecular regime, which means that intermolecular collisions are negligible.
In between, not to far from the thruster, the plume is in the transitional regime
(0:1 < Kn < 10): intermolecular collisions can not be neglected but continuum
equations are still not valid.
As mentioned by Wemho [1], the standard method to model uid ow in the
transitional regime is Direct Simulation Monte-Carlo (DSMC). The ow is simulated
by some thousands or millions of representative molecules and their velocity and
position are stored at each time step. The intermolecular and boundary collisions
are simulated with the Monte-Carlo random method.
Before this work, the Space Physics department used two dierent tools to evaluate plume-spacecraft interaction. The rst tool, SYSTEMA/PLUME [11], assumes
that the ow is not disturbed by the solid surfaces so impingement can only be
evaluated on surfaces in the direct eld of view of the thruster because the ow does
not go round solid boundaries; also, the plume-structure interaction is assumed to
occur in the free-molecular regime. The second tool, MC3D [13], is a DSMC code.
Its main disadvantage is that it only accepts solid geometry with straight lines so
this code is not usable in most of real industrial cases.
1
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The goal of the rst part of this internship was to nd a DSMC software with
the following characteristics:
- it should model accurately 3D ows in the transitional regime
- it should evaluate ow-surface interaction (thermal ux, number ux, forces,
torques and ow disturbance)
- it should accept any solid geometry regardless of complexity
- it should be fast and exible enough for an industrial context. The longest
calculation should last for no more than a few days
- it should be possible to interface it with the PLUMFLOW tool [12] used in
Astrium to compute the ow eld of a chemical thruster
There are four DSMC codes recurrently used by agencies and used as standards:
the DSMC Analysis Code (DAC), the MONACO2d/3d and DS2V/DS3V mentioned
by Wemho [1] and the SMILE code used by ESA, [7] and [3]. The DS3V code,
developed by Professor G.A. Bird, was the only one that could easily be obtained
and it was also found to meet all the requirements listed before. DS3V is the 3D
extension of the 2D version DS2V, which has already shown good agreement with
experimental data, see [4] and [5], and is a reference code used, among others, by
NASA [2].
This lead us to the second part of this internship: to create the interface between
DS3V and PLUMFLOW. This was done by writing FORTRAN routines that read
the ow eld properties computed by PLUMFLOW and write them as input data for
a DS3V simulation. The DS3V software was interfaced also with a commercial 3D
modeler, RHINOCEROS 4.0, in order to import correctly the spacecraft geometry.
Once the interfacing was nished and validated, the software was required to
perform plume-spacecraft interaction analysis for real Astrium spacecraft projects.
The method proved to be satisfactory as complex congurations, for example contamination on instrument cavities, could be analyzed.
Finally, DS3V was compared with SYSTEMA/PLUME on typical Astrium conguration of plume impingement. This was done to asses the error induced by
SYSTEMA/PLUME in comparison with a more sophisticated approach and also to
improve understanding of physical phenomena.
This document reports about the dierent steps of the internship: it starts with
a presentation of molecular gas dynamics theory with focus on the equations used by
the DSMC method, mainly those for intermolecular collisions and molecular reection on solid boundaries. Then the DS3V simulation method is explained together
with the interfacing with Astrium tools, which was the core of the internship. After
this section, the SYSTEMA/PLUME approach is detailed. The following chapter
presents a study case where SYSTEMA/PLUME and DS3V results were compared.

3
Finally, an application of DS3V to a real industrial study is presented.

Chapter 2

Molecular Gas Dynamics
2.1 Introduction

"A gas ow may be modeled at either the macroscopic or the microscopic level.
The macroscopic model regards the gas as a continuous medium and the description
is in terms of the spatial and temporal variations of the familiar ow properties.
The Navier-Stokes equations provide the conventional mathematical model of a gas
as a continuum. The macroscopic properties are the dependent variables in these
equations, while the independent variables are the spatial coordinates and time.
The microscopic or molecular model recognizes the particulate structure of a gas
as a myriad of discrete molecules and ideally provides information of the position,
velocity, and state of every molecule at all times. The mathematical model at this
level is the Boltzmann equation. This has the fraction of molecules in a given location
and state is the only dependent variable. The number of independent variables is
increased by the number of physical variables on which the state depends." These
are the introductory words of Professor Bird's book "Molecular Gas Dynamics and
Direct Simulation of Gas Flows" [6].
The problem with the Boltzmann equation is its mathematical complexity. To
solve it analytically or by numerical methods requires huge eorts and is sometimes impossible. For example, in the simplest case of a one-dimensional steady
monoatomic gas, the problem becomes three-dimensional. This is the reason why
physical modeling of a molecular gas is most ecient than mathematical modeling.
If a physical model exists for molecule movement, collisions and interaction with
surfaces, then the behaviour of a number of molecules can be simulated directly.
The main limiting factor of this approach is computer resources. Direct simulation
methods are expected to spread in the future as computer capabilities and power
increase.
5
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2.2 The requirement for a molecular description
As Bird says, "the macroscopic properties may be identied with the average values of the appropriate molecular quantities at any location of the ow. They may
therefore be dened as long as there are a sucient number of molecules within the
smallest signicant volume of a ow (...) It must be remembered that the conservation equations do not form a determinate set unless the shear stresses and heat
ux can be expressed in terms of the lower-order macroscopic quantities. It is this
conditions, rather that the breakdown of the continuum description, which imposes
a limit on the range of validity of the continuum equations. More specically, the
transport terms in the Navier-Stokes equations of continuum gas dynamics fail when
gradients of the macroscopic variables become so steep that their scale length is of
the same order as the average distance traveled by the molecules between collisions,
or mean free path." In other words, a macroscopic variable changes in a distance of
the same order as the average distance travelled by a single molecule without colliding with another molecule. Without collisions, the hypothesis of isotropic pressure
and temperature in the Navier-Stokes equations break down.
The degree of rarefaction of a gas is expressed through the Knudsen number
which is the ratio of the mean free path  to the characteristic dimension L,


(Kn) = :
L

(2.1)

It is more precise to specify a local Knudsen number by dening L as the scale
of the local macroscopic gradients,

L=


:
@=@x

(2.2)

When the Knudsen number is very small compared to unity, the scale of macroscopic
gradients is big compared to the mean free path, then the transport terms in the
Navier-Stokes equations can be dened properly and these are valid. On the contrary, it is traditionally admitted that the Navier-Stokes should not be used when
the Knudsen number exceeds 0.2.

2.3 Binary elastic collisions
In order to simulate directly molecular movement, a physical model of collisions
between molecules is necessary. In dilute gases, which are the major application of
the DSMC method, the probability of a collision including more than two molecules
is so small that only binary collisions are considered. This chapter deals with elastic
collisions, i.e. collisions without interchange of energy between translational and
internal modes. Inelastic collisions are treated in section 2.4.

2.3. BINARY ELASTIC COLLISIONS
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2.3.1 Momentum and energy considerations
Consider a collision between two molecules with pre-collision velocities c1 and c2
and masses m1 and m2 . The goal is to determine their post-collision velocities c1
and c2 . Let cr = c1 c2 be the relative velocity between the molecules and cm the
velocity of their center of mass. Conservation of linear momentum and energy in
the collision lead to equation (2.5) in [6]:
c1

= cm +

c2

= cm

m2
c
m1 + m2 r
m1
c :
m1 + m2 r

(2.3)
(2.4)

As the magnitude of the relative velocity remains unchanged (see equation (2.8)
in [6]), and the movement of the center of mass is not aected by the collision, the
determination of the post-collision velocities reduces to the calculation of the change
in direction  of the relative velocity vector.
The reduced mass mr is dened by

mr =

m1 m2
:
m1 + m2

(2.5)

Intermolecular collisions are often created by strong interactions between the
force elds of the molecules. These force elds are traditionally assumed to be
spherically symmetric and have the typical attraction-rejection form: the force is
zero at large distances, weakly attractive at short distances and strongly repulsive
at very short distances. Then the dynamics of the collision are given by the classical
two-body problem and summarized by gure 2.1. It can be shown that the motion
of the molecule of mass m1 relative to the molecule of mass m2 is equivalent to the
motion of a molecule of mass mr relative to a xed center of force.

2.3.2 Impact parameters and collision cross-sections
Apart from the velocities of the two molecules, just two other impact parameters
are required to completely specify a binary elastic collision between spherically symmetric molecules. The rst is the distance of closest approach b of the undisturbed
trajectories in the center of mass frame of reference, see gure 2.1. The second is the
angle  between the collision plane (the pre-collision and post-collision trajectories
of two molecules having a collision lay all on one plane) and a reference plane, as
shown in gure 2.2.
The parameters b and  give a certain deection angle . The dierential crosssection d corresponding to the parameters b and  is dened by

d = b db d

(2.6)

where d is the unit solid angle about the vector cr . From gure 2.2,

d = sin d d

(2.7)

8
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Figure 2.1: Representations of a binary collision: a) Laboratory frame of reference
b) Binary collision in the center of mass frame of reference c) Interaction of the
reduced mass particle with a xed scattering center

9
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Figure 2.2: Impact parameters
so that

=

b db
jsinj d :

(2.8)

The total collision cross-section T is dened by

T =

Z 4

0

d = 2

Z 

0

 sin d:

(2.9)

The viscosity cross-section  is dened by

 =

Z 4

0

sin2  d = 2

Z 

0

 sin3  d:

(2.10)

The component of the post-collision velocity perpendicular to the direction of the
pre-collision velocity is cr sin. This integral is used in the Chapman-Enskog theory,
see [6], to calculate the coecient of viscosity.

10
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The momentum transfer cross-section M , also called diusion cross-section, is
dened by

M =

Z 4

0

(1 cos)d = 2

Z 

0

 (1 cos)sin d:

(2.11)

The component of the post-collision velocity perpendicular to the direction of the
pre-collision velocity is cr (1 cos) and this integral is used also in the ChapmanEnskog theory to calculate the diusion coecients.

2.3.3 Determination of the deection angle 
In the third frame represented in gure 2.1, the equation for the angular momentum
is
r2 _ = cst = b cr :
(2.12)
The energy of a molecule is the sum of its kinetic energy and its potential energy 
and it must be equal to the energy at innity, where potential energy vanishes, so

1
1
mr (r_ 2 + r2 _2 ) +  = cst = mr c2r :
2
2

(2.13)

The potential energy is given by

=

1

Z

r

F dr;

or
F = d=dr

(2.14)

Solving these equations (see [6]) gives

A =

Z W1

0

[1 W 2

1
=( mr c2r )] 1=2 dW
2

(2.15)

where W1 is the positive root of the equation

1 W2

1
=( mr c2r ) = 0
2

(2.16)

and W = b=r is a dimensionless coordinate. Finally, it can be seen from gure 2.1
that
 =  2A :
(2.17)
In other words, once the force or potential are known, the specication of the impact
parameter b allows the deection angle to be calculated and this is the last element
needed to calculate the post-collision velocities. Let ur , vr and wr be the pre-collision
relative velocity Cartesian coordinates. Then the three components ur , vr and wr of

2.3. BINARY ELASTIC COLLISIONS
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the post-collision relative velocity are given in the same Cartesian frame by equation
(2.22) in [6]:

ur = cos ur + sin sin(vr2 + wr2 )1=2 ;
vr = cos vr + sin (cr wr cos ur vr sin)=(vr2 + wr2 )1=2 ;
wr = cos wr sin (cr vr cos + ur wr sin)=(vr2 + wr2 )1=2 :

(2.18)

A molecular model must be specied to close the equations because the potential
energy is needed in equation (2.15). This is the last step before being able to compute
intermolecular collisions. The molecular model is also necessary to calculate the
total cross-section, which is needed, as it will be seen later, to calculate the eective
collision frequency. The collision frequency is a key parameter to dene the time step
of a simulation. A model always involves some degree of approximation and the goal
is to use a model that leads to sucient agreement between theory and experiment.
Only four models that are commonly used in DSMC applications are presented here
briey: these are the inverse power law model, the hard sphere model, the variable
hard sphere model and the variable soft sphere model.

2.3.4 The inverse power law model
This model is dened by

F = =r ;
 = =[( 1)r 1 ]

(2.19)

where  and  are two constant parameters.
From this, the deection angle can be calculated. One important practical problem with this model is that for a nite  the force eld extends to innity and the
integral in equation (2.9) for the total cross-section diverges. This means that two
molecules are always having a collision, i.e. some kind of interaction. However, most
of these interactions involve extremely slight deections because the molecules are
far from each other. In practice, a nite cut-o on the force eld is used so a nite
cross-section can be calculated, but as this cut-o is arbitrary, the resulting total
cross-section is not suitable for setting the eective collision frequency or mean free
path. The inverse power law is the most realistic model from the analytical point
of view. It is therefore useful for analytical studies. However, it is not a suitable
model for direct simulation of collisions.

2.3.5 The hard sphere model
This is an over-simplied but useful model. The molecules are modeled as hard
spheres and they collide, as shown in gure 2.3, when their distance decreases to

1
r = (d1 + d2 ) = d12
2

(2.20)

12
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where d1 and d2 are the diameters of the two molecules. Its main advantages are a
nite cross-section dened by
T =  d212
(2.21)
and an easy calculation of the collision. The scattering from hard sphere molecules
is isotropic in the center of mass frame of reference. In other words, all directions
are equally likely for cr .
In the hard sphere model, the viscosity cross-section and diusion cross-section
dened by equations (2.10) and (2.11), are respectively

and

2
 = T
3

(2.22)

M = T :

(2.23)

Figure 2.3: Collision geometry of hard sphere molecules

2.3.6 The variable hard sphere (VHS) model
The advantages of the hard sphere model are a nite cross-section and an isotropic
scattering in the center of mass frame of reference. However, this scattering law
is unrealistic. But the main drawback of the hard sphere model is its viscosity
coecient. According to Bird [6], a molecular model for rareed gas ows should reproduce the viscosity coecient of the real gas and also the temperature dependence
of this coecient. The viscosity coecient of the hard sphere model is proportional

13
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to the temperature to the power 0.5, while real gases have powers of the order of 0.75.
The main reason for this lack of accuracy is that the total cross-section, as equation
(2.21) shows, is independent of the relative translational energy Et = 12 mr c2r . The
real cross-section depends on this relative velocity: because of inertia, the change in
the trajectories decreases when the relative velocity increases, so the cross-section
must decrease when cr increases. A variable cross-section is required to match the
powers of the order of 0.75 that are characteristic of real gases. This lead to the
variable hard sphere model (VHS).
The molecule is a hard sphere with a diameter d that is a function of cr , more
precisely an inverse power law  ,

d = dref (cr;ref =cr )

(2.24)

where the subscript ref denotes reference values. For a particular gas, the reference
values are dened by the eective diameter at a particular reference temperature.
The VHS model combines a nite cross-section that eases the calculation of collisions
with a realistic temperature exponent of the coecient of viscosity. The deection
angle is given by
 = 2 cos 1 (b=d):
(2.25)
Both the inverse power law and the VHS lead, see [6], to a law temperature
dependence of the coecient of viscosity such that

where
in the VHS model and

 / T!

(2.26)

1
! = + :
2

(2.27)

1
! = ( + 3)=( 1):
2

(2.28)

in the inverse power law model.
The coecient ! of a real gas is determined experimentally and used to calculate
the exponents  and  such that the inverse power law and the VHS models match
the real temperature dependency of the viscosity. Finally, for a gas such that  / T !
and with the reference viscosity ref at the reference temperature Tref , the VHS
model is given by equation (3.68) in [6],
11=2
1
=
2
!
(15=8)(m=) (k Tref ) A
d=@
:
(9=2 !) E ! 1=2
0

ref t

(2.29)

The viscosity and momentum transfer cross-sections are the same as in the hard
sphere model.

14
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2.3.7 The variable soft sphere (VSS) model
According to Bird [6], there is a deciency in the VHS model: the ratio of the
momentum to the viscosity cross-section is constant (3/2) but in the inverse power
law, which best approaches real gases, this ratio varies with the power law exponent.
In response to this problem, the variable soft sphere (VSS) model was introduced.
The only dierence with the VHS model is that the deection angle is given by
 = 2 cos 1 (b=d)1=
(2.30)
where is a coecient between 1 and 2.
Consequently, the viscosity and momentum transfer cross-sections become (equations (2.37) and (2.38) in [6])

 =
and

4

( + 1)( + 2) T

(2.31)

2
 :
( + 1) T

(2.32)

M =

Figure 2.4: VSS model: ratio of viscosity and momentum transfer cross-sections to
the nominal cross-section as a function of the exponent
According to Bird [6], the VHS, VSS and inverse power law models lead to the
same coecient of viscosity, but only the VSS, and not the VHS, leads to the same
diusion coecient as the inverse power law model. Figure 2.4 shows the VSS
cross-sections as a function of the exponent .
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2.4 Binary inelastic collisions
Polyatomic molecules have rotational energy besides translational energy. During
collisions between polyatomic molecules, translational and rotational energies are
interchanged. This kind of collisions are called inelastic. Among all models of
inelastic collisions, the Larsen-Borgnakke model is the most ecient and accurate,
and therefore the most widely used for numerical purposes. For simplicity, only the
Larsen-Borgnakke model in a simple gas is presented here because it allows a good
comprehension of the concept. We refer to [6] for the mathematical generalization
of this model to gas mixtures.

2.4.1 The Larsen-Borgnakke model in a simple gas
This model assumes spherical symmetry between the rotational modes: all rotations
and moments of inertia are equal so in terms of total energy of the molecule, it is
the same to rotate around one axis or the other. The relaxation rate, i.e. the rate
at which a particular internal mode with a dierent temperature tends towards the
nal equilibrium temperature, is controlled by the fraction of collisions that are
regarded as inelastic, while the rest of them are regarded as elastic collisions. The
collision number is the inverse this fraction.
Consider a gas with coecient of viscosity proportional to temperature to the
power ! and consisting of molecules with  internal degrees of freedom. In a collision
between two molecules 1 and 2, the total translational and internal energies of the
collision pair are

Et = Et;1 + Et;2 ;
Ei = i;1 + i;2 :

(2.33)
(2.34)

The probability, for a collision pair of molecules, of having a total translational
energy is deduced from equation (5.13) in [6] as

PE = cst Et3=2 ! expf Et =(kT )g:
t

(2.35)

while the probability of having a total internal energy Ei is deduced from equation
(5.17) in [6]

PE = cst Ei 1 expf Ei =(kT )g:
i

(2.36)

Therefore, the probability for a collision pair of having at the same time a total
translational energy Et and a total internal energy Ei is

PE ;E = PE  PE = cst Et3=2 ! Ei 1 expf (Et + Ei )=(kT )g:
t

i

t

i

(2.37)

The total energy of the collision pair of molecules is

Ec = Et + Ei

(2.38)
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so equation (2.37) can be rewritten in terms of the total and translational energies
(the two expressions are equivalent)

PE ;E = PE ;E = cst Et3=2 ! (Ec Et ) 1 expf Ec =(kT )g:
c

t

t

i

(2.39)

Here, the eective temperature T is dened by the total energy Ec of the collision
pair. This means that in equation (2.39), the exponential depends only on the total
energy Ec but is independent on how this energy is distributed between translational
and internal energies. As total energy is conserved, the exponential is a constant
parameter of the collision.
Consequently, in a collision where the total (and constant) energy is Ec , the probability, for the collision pair, of having a particular value Et of the total translational
energy can be rewritten, from equation (2.39), as

PE ;E = cst Et3=2 ! (Ec Et ) 1 :
c

t

(2.40)

The maximum value of this probability is

(PE ;E )max = cst (3=2 !)3=2 ! (
c

t

1) 1 f( + 1=2 !) + Ec g +1=2 ! : (2.41)

and is obtained when

Et
3=2 !
:
(2.42)
=
Ec  + 1=2 !
The acceptance-rejection method detailed in section 2.6 can be applied to obtain
a value of the post-collision translational and internal energies. A value Et is chosen
at random from the range 0 to Ec . The probability P of Et is evaluated according to
equation (2.40). Then the ratio P=Pmax is evaluated following equation (2.41) and
compared with a random fraction Rf that is generated from a uniform distribution
between 0 and 1. If the probability ratio is greater than Rf , this value Et is employed

for the collision, but a new value is chosen and the process repeated if the ratio is
less than Rf . Once a certain value Et has been accepted, the post-collision internal
energy Ei is deducted as Ei = Ec Et . This is how the interchange between
translational and internal energy is performed.
The following step is to divide the internal energy between the two molecules.
This is done using again the acceptance-rejection method in a similar way. In this
process, the post-collision total internal energy Ei is a constant and the probability
P that molecule 1 has a post-collision internal energy i;1 is

P 1 = cst (i;1 )=2 1 (Ei i;1 )=2 1 :
i;

(2.43)

The maximum probability occurs when the internal energy is equally divided between the two molecules and the ratio P 1 =Pmax is evaluated from this. The
acceptance-rejection method is again used to divide the post-collision translational
energy.
i;
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The post-collision relative speed in the center of mass frame of reference, where
m = m1 = m2 , is
cr = (2Et =mr )1=2 = 2(Et =m)1=2 :
(2.44)
The direction for this speed, i.e. the deection due to collision, is chosen at random
for the VHS and hard sphere models, from equation (2.30) for the VSS model.

2.5 Surface interactions
2.5.1 Equilibrium interaction
There are two models for the interaction of a stationary equilibrium gas with a solid
surface that maintain equilibrium between the surface and the gas. The rst is
specular reection, where the molecular velocity normal to the surface is reversed,
while its velocities parallel to the surface remain the same. Specular reection is a
perfectly elastic interaction because the incident and reected molecules have the
same energy. A molecule with mass m, impinging on a surface with a speed u and
an angle  to the surface, and being reected specularly, transmits to the surface a
normal momentum equal to 2 m u sin. The macroscopic force per unit surface is
obtained by calculating the normal momentum ux, which is an integration of the
above formula over all molecules.
In diuse reection, which is the alternative model, the velocity of each molecule
after reection is independent of its initial velocity. The velocities of the reected
molecules as a whole are distributed in accordance with a the temperature of the
gas, which must be the same as the surface temperature to be in equilibrium. The
probability P for a molecule to be reected with an angle  to the surface is

P = (1=)sin():

(2.45)

This probability is maximal for  = =2, i.e. in the normal direction to the surface, and no molecules are reected parallel to the surface. The factor 1= is for
normalization.
When a gas with a free-stream pressure p1 and whose molecules are all reected
diusely, it can be shown that the eective pressure on the surface is

2
pdiff = p1 :
3

(2.46)

2.5.2 Non-equilibrium interaction
The majority of realistic problems involve non-equilibrium interaction of a gas with
a solid surface. As soon as the gas have some stream velocity relative to the surface,
its stagnation temperature, which rules the gas-surface interaction, diers from the
static temperature of the gas. Also, the surface temperature may dier from one
of these. Therefore, the gas can not be in equilibrium with the surface and the
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distribution function of the incident molecules will dier from that of the reected
molecules.
The most common models used in engineering contexts for non-equilibrium interaction are empirical generalizations of the diuse and specular models.
Firstly, the diuse model is generalized. It is assumed that the incident and
reected molecules are distributed in accordance with two dierent temperatures Ti
and Tr respectively, while the surface has its own temperature Tw . It is natural to
think that the reected gas, in comparison with the incident one, will tend to adjust
its temperature to the surface temperature. The extent of this adjustment is given
by the thermal accommodation coecient

ac = (qi qr )=(qi qw )

(2.47)

where qi and qr are respectively the incident and reected energy uxes. qw is the
energy ux corresponding to diuse reection in the equilibrium situation, with
Tr = Tw . The accommodation coecient goes from 0, for no accommodation at all,
to 1, for complete thermal accommodation.
An extension of this model is a combination of diuse and specular reections.
A fraction  of the molecules are reected specularly while the rest are reected
diusely.

2.6 The Monte-Carlo procedure and the
acceptance-rejection method
The Monte-Carlo method refers to a family of computational algorithms that rely
on repeated random sampling to compute their results. They are used to simulate
physical and mathematical processes when an analytical solution is not available
and when this kind of probabilistic method will simulate with sucient accuracy
the real solution.
Imagine that one wants to know the value of a variable x after a physical or
mathematical process and no analytical solution is available, but the distribution
function of the variable is known. Assume the availability of a set of successive
random fractions Rf that are uniformly distributed between 0 and 1. The probability
for the variable x of laying between x and x + dx is given, thanks to the normalized
distribution function, by
Px = fx dx:
(2.48)
If the possible values for the variable x range from a to b, the total probability is
Z b

a

fx dx = 1:

(2.49)

The cumulative distribution function is dened as

Fx =

Z x

a

fx dx:

(2.50)
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Then a random value Rf is generated and Fx is set equal to Rf .
Consider, for example, the case in which x is uniformly distributed between a
and b. Then
fx = 1=(b a):
(2.51)
and

Fx = (x a)=(b a) = Rf :

(2.52)

This leads to

x = a + Rf (b a):
(2.53)
This method is called the inverse-cumulative method and can only be used when
equation (2.52) can be inverted to express an explicit function of x.
Consider now the distribution function fu0 for a thermal velocity component in

an equilibrium gas,

fu0 = ( =1=2 )expf

2 u02 ):

(2.54)

This gives

Fu0 = 1=2f1 + erf ( u0 )g:
(2.55)
This expression can not be inverted to express u0 in terms of Rf so the inversecumulative methods can not be used. The alternative is to use the acceptancerejection method.
The distribution function is normalized by its maximum value fmax to give
fx0 = fx =fmax :

(2.56)

A value of x is chosen at random from its possible range of values. The corresponding function fx0 is calculated and a random value Rf is again generated between
0 and 1. The value of x is accepted if fx0 is greater than Rf . Else it is rejected and
the process repeated until a value is accepted.

Chapter 3

DS3V: interfacing of a Direct
Simulation Monte-Carlo code for
an industrial application
3.1 Software overview
Direct simulation methods model the real gas by a large number of simulated
molecules in a computer. The position coordinates, velocity components, and internal state of each of the simulated molecules are stored in the computer and are
modied with time as the molecules are simultaneously followed through representative collisions and boundary interactions in simulated physical space. DSMC refers
to a family of direct simulation methods that use the Monte-Carlo procedure described in section 2.6 to simulate some physical phenomena.
The DS3V code has been developed by Graeme A. Bird, Emeritus Professor
of Aeronautics at the University of Sydney. He rst developed 2D and 2D axially
symmetric DSMC codes and then released a fully 3D version of the method. DS3V
2.6 is the latest version. It has been found to match the Astrium requirements
specied in chapter 1. Consequently, it has been interfaced with Astrium tools and
is currently being used for analysis on Astrium spacecraft. Figure 3.1 shows the le
hierarchy during the interfacing procedure.
The simulation starts with the geometry denition. The user creates a 3D geometry with a 3D modeler; we used RHINOCEROS 4.0. The model is then exported
into the .raw format, required by DS3V 2.6. After this, the user uses a DS3V interface, launched by the executable DS3DG.EXE, to dene the properties of all surfaces
dened by the geometry le. The two main types of surfaces are solid surfaces and
ow entry (inow) surfaces. Inow surfaces are boundaries that the user employs to
introduce a ow. They are meshed with triangles and the user can specify dierent
ow properties in each triangle; this allows the introduction of any ow. Once the
geometry is completely specied and the inow properties (velocity, density, temperature) are set, the second DS3V interface, launched by the executable DS3V.EXE,
21
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Figure 3.1: File hierarchy for a DS3V simulation
can be used to dene the molecular properties (molecular mass, molecular diameter, viscosity, number of internal degrees, etc). This includes both molecular and
macroscopic properties of the ow. Finally, the simulation starts.
Once the DS3V was chosen, the following step of this internship consisted in
writing FORTRAN routines to interface DS3V with PLUMFLOW, which is the
Astrium tool that calculates the ow eld from a chemical thruster. By reading
the geometry les, these routines compute the relative position and orientation of
the inow surfaces to the thruster. At the same time, they read the PLUMFLOW
output les containing the ow eld information. Finally, they input or write the
ow properties (density, pressure, temperature...) in each of the mesh triangles of
the inow surfaces.
Concerning the simulation method, one of its essential approximations is the
uncoupling, over a small time step, of the molecular motion and the intermolecular
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collisions. All the molecules are moved (including the computation of the resulting
boundary interactions) over the distances appropriate to this time step, followed by
the calculation of a representative set of intermolecular collisions. The time step
should be small (for example ve times smaller) compared with the mean collision
time.
The Monte-Carlo probabilistic selection of representative collisions is based directly on the relations that form the basis of kinetic theory, see sections 2.3 and 2.4,
and on the acceptance-rejection method, see section 2.6.
The physical space is divided in cells used to facilitate the choice of molecules
pairs for collisions and also for the sampling of the macroscopic ow properties.
The velocity space information is all contained in the positions and velocities of the
simulated molecules and not in the cells.
The microscopic boundary conditions are specied by the behaviour of the individual molecules, see section 2.5, and not in terms of the distribution function. The
DSMC method employs simulated molecules of the correct physical size but their
number is reduced to a manageable level by regarding each simulated molecule as
representing a xed number of real molecules.
The macroscopic boundary conditions are usually specied as a uniform gas at
zero time. The ow develops from this initial state with time in a physically realistic
manner, rather than by iteration from an initial approximation to the ow.

3.2 Simulation method
3.2.1 Molecular model
Through the DS3V user's interface, the user species a number of parameters for the
molecular model. Regarding elastic collisions, DS3V oers the possibility of using
the hard sphere model described in section 2.3.5, the VHS model of section 2.3.6 or
the VSS model of section 2.3.7. The classical Larsen-Borgnakke model explained in
paragraph 2.4.1 is used for inelastic collisions, whose number is controlled by the
specication of a relaxation collision number.
The interaction between the gas and the solid surfaces is computed at the molecular level. This means, for example, that to calculate the pressure on the surface,
the program calculates the momentum transmitted for each molecule to the wall,
instead of using distribution functions and macroscopic properties. The interaction
is a combination of specular and diuse reections, see 2.5, controlled by the user
who enters the fraction of molecules being reected specularly. If some molecules
are reected diusely, the user must also specify the accommodation coecient.

3.2.2 Mean collision rate: the New Time-Counter (NTC) method
The mean collision rate  is the inverse of the mean collision time and is given by
equation (1.10) in [6]
 = nT cr
(3.1)
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where n is the density, T is the total collision cross-section and the cr is the relative
velocity. A bar over a quantity denotes averaged value over all molecules in the
sample. The total number of collisions per unit time and unit volume is therefore

1
1
NC = n   = n2 T cr
2
2

(3.2)

where the factor 1/2 is introduced to take into account that a collision involves two
molecules.
The mean free path is the average distance, in the frame of reference moving
with the stream, traveled by a molecule between collisions. It is obtained from the
mean thermal speed and the mean collision rate
c0
 = c0 = =
(3.3)

nT cr

The goal is to nd a procedure that best approaches this collision rate by being
as ecient, from the computation point of view, as possible.
The mean value of the product T and cr is calculated in each cell. Then the
number of collisions in the cell at each time step would be NC t. The collision pairs
would then be chosen by the acceptance-rejection method using the probability T cr .
This procedure would have a computation time proportional to the total number of
molecules in the cell.
Consider a cell of volume VC with N simulated or big molecules. If the gas density
at the cell position is n, then each simulated molecule represents FN = nVC =N real
molecules. Then choose a random pair of molecules with a relative speed cr between
them and a total cross-section T . In the frame of reference of the rst molecule,
the second molecule is moving with speed cr . If the rst molecule happens to fall
inside the volume swept by the total cross-section moving at a speed cr , the collision
takes place. Therefore, the probability P of collision between these two molecules
is given by the ratio between the swept volume mentioned above to the volume of
the cell,
P = FN T cr t=VC
(3.4)
The full set of collisions could be calculated selecting all N (N 1)=2 pairs in the
cell and computing the collisions with a probability P . This is inecient because the
number of potential collisions is proportional to the square of N and the probability
P is often very small, so a lot of computation time will be lost computing pairs that
will not collide. Here is where the NTC procedure appears.
Among all the pairs, the maximum value for T cr is estimated. This gives the
maximum probability for a collision to happen:

Pmax = FN (T cr )max t=VC
(3.5)
Instead of selecting all possible N (N 1)=2  N 2 pairs, only a fraction 12 N 2 Pmax

of pairs is selected. The collision for each of these pairs is computed with the
probability
T cr
(3.6)
Pcoll =

(T cr )max
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In other words, only a fraction Pmax of the total possible pairs are selected but,
as the selected pairs are computed with a probability Pmax times higher, the nal
collision rate remains the same while the computing procedure has turned much
more ecient. Indeed, the number of selected pairs is

1 2
1
1
N Pmax = N 2 FN (T cr )max t=VC = Nn(T cr )max t
2
2
2
Therefore, the computing time is linear with N and not N 2 as before.

(3.7)

3.2.3 Meshing the ow eld space
The 2.6 version of DS3V divides the physical space into two dierent cell networks.
The rst network is called by Bird "cell system" or "sampling cells" and is
only used for the sampling of the macroscopic properties. In other words, given
a cell, DS3V evaluates all the macroscopic properties in this cell by averaging the
appropriate quantities over all the simulated molecules contained by this volume cell.
So the macroscopic properties have one value in each cell. Therefore, the cell size
is the space resolution of ow properties. For this reason, a typical cell dimension
should be small compared with the distance over which there is a signicant change
in the ow properties.
The second network is called "sub-cells system" or "collision cells". When a
collision is to be calculated, a molecule for the potential collision is chosen at random
from a collision cell. If the number of molecules in the collision cell is less than 30,
the nearest molecule is chosen as the potential collision partner. For larger number,
a new transient rectangular grid generated in the collision cell and the size of the
grid elements is such that there is approximately one molecule per grid element.
When there is more than one molecule in a grid element, the two molecules are
chosen as collision partners. These are called the nearest-neighbour procedures.
According to Bird [6], they assure that the ratio of the mean separation between
collision partners one time step before the collision (m.c.s) to the mean free path
m:c:s is small compared with unity over the ow eld, typically less than 0.2.

The macroscopic properties are supposed to have no inuence at the molecular
level. This is not completely true because the "sampling cells" are used to establish
the collision rate.

3.2.4 Time step
The time step should be much less than the mean collision time tcol . In this way,
the program would neglect no collisions. However, the mean collision time may vary
a lot in the dierent regions of a ow eld because it depends on many factors such
as number density and molecules velocity. For this reason, it would not be ecient
to use a single value for the time step over the whole ow eld. Consequently, for
eciency reasons and also to ensure that the parameter m:c:s
 is small compared with
unity over the ow eld, DS3V 2.6 uses a dierent time step for each molecule and
every cell.
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The mean collision time is calculated and stored in each sample cell. Each
molecule has its own time step: faster molecules have smaller time steps and viceversa. Consider a collision pair of molecules 1 and 2 with velocities v1 and v2 and
with molecule time steps 1 and 2 respectively. The maximum separation between
the two molecules just before the collision is obtained when they move one towards
the other with opposite velocities. In the simulation, the molecules do not have a
continuous, but a discretized movement. The position of the molecules previous to
the collision is therefore
d12 = v1  t1 + v2  t2 :
(3.8)
It is natural to dene the molecular time steps such that all molecules in the same
cell travel the same distance during their respective time step so
so

v1  t1 = v2  t2

(3.9)

d12 = 2v1  t1 :

(3.10)

To ensure the condition on the mean separation between collision partners, the
following inequation must be veried

or

m:c:s d12 2v1  t1
=
=



t1 

 0:2

0:1  
:
v1

(3.11)
(3.12)

Therefore, every molecule, with speed v , has a time step tmol such that

tmol =

0:1  
:
v

(3.13)

and using the mean free path equation (3.3), we obtain

tmol =

0:1 c0
:
 v

(3.14)

0
As cv is of the order of unity, the nal result is

tmol '

0:1 1
= tcol :

10

(3.15)

The overall time variable is advanced in time steps smaller than smallest molecule
time step in the whole ow eld. However, only a small fraction of molecules are
moved at each overall time step: those molecules whose corresponding time variable
falls one tenth behind the overall time variable.
On the other side, each collision cell has a time variable that is advanced with
steps equal to the mean collision time in the cell. In a collision cell, only when the
cell time variable falls one tenth behind the overall time variable, the collisions are
calculated.
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3.2.5 Number of simulated molecules
The user is obliged to specify a density for the main ow stream. This density is used
by DS3V to make a rough evaluation of the scale length of the macroscopic properties
gradients. This gives the size of the sample cells, which are all equal more or less.
From the size of the sample cells, the program evaluates, in average, the minimum
number density of simulated molecules necessary for a good statistical simulation:
the temperature in a cell with only two simulated molecules has no physical sense.
Finally, using the maximum allocated RAM and this minimum number density of
simulated molecules, DS3V determines a xed ratio of real molecules to simulated
molecules. This ratio is the number of real molecules represented by each simulated
molecule.
This ratio, of the order of 1014 to 1018 , is more or less uniform over the whole
oweld. This is such because the program is intended in principle for studies
of interaction between uniform ows and solid bodies. Thruster plumes are very
dierent: the regions close to the plume axis are high-density regions while the
regions far are low-density regions. This is problematic because it means that the
cells in the dense regions will be over-populated by simulated molecules while the
cells in the rareed regions will be under-populated. Over-population does not
damage the quality of a DSMC simulation, but it slows it down dramatically. Underpopulation, on the contrary, will lead to unphysical results because the statistics are
of bad quality.
The solution chosen by Bird to overcome this problem is the option "Adapt cells"

3.2.6 Adapting cells
The oweld space is meshed uniformly when the simulation is launched for the rst
time because there is no data concerning where the dense and the rareed regions
will be. On the contrary, this is known once the simulation has been running for a
certain time. Consequently, the cells can be adapted in terms of size to include a
certain number of simulated molecules and thus provide results with physical sense.
In this process, the user can specify the average number of simulated molecules to be
contained in each "sample cell" and in each "collision cell" and the program meshes
again the oweld space. Bird [7] recommends 7 molecules per collision cell.

3.3 Generation of the 3D geometry le
The 3D geometry le is generated with several steps:
- First the .raw le is generated. This le only contains the meshed geometry
and inow boundaries.
- Then the routine count.exe pre-processes the .raw le to give it the format
required for input of DS3DG.EXE and renames it DS3TD.DAT.
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- Finally DS3DG.EXE is run and the user species for each surface if it must be
considered as solid or inow surface.
These three steps are presented in the following paragraphs.

3.3.1 Generation of the .raw le
Basic steps
In principle, any geometrical form is accepted by DS3V. However, some conditions
must be respected:
1) The simulation is performed by DS3V in a parallelepiped domain, whose
boundaries are specied by the user in the last step before starting the simulation.
The 3D geometry must consist of:
- Closed surfaces: these surfaces must lay completely within the parallelepiped
domain (excepted for inow boundaries).
- Open surfaces: these surfaces must start and nish on the ow eld boundaries
2) The surfaces must be meshed with triangles.
3) The FORTRAN routines require that all surfaces names begin by "Object".
4) The 3D geometry must be exported as a .raw le. In order to do that, everything in the 3D model must be suppressed except the meshes.

Inow surfaces
The entry ow or inow surfaces are the key point of DS3V interfacing with PLUMFLOW that calculates the ow elds of chemical thrusters. These surfaces, like all
the other surfaces dening the geometry, are meshed with triangles. The FORTRAN routine DS3VPR.EXE, described in 5.2, reads and calculates the centre of
each inow triangle. Then, it reads the properties of the ow eld at this location in the .FLOW le. Finally, these properties are written for each triangle in
the DS3SD.DAT le, which is used as input for the DSMC simulation. This allows
DS3V.EXE to simulate a chemical thrusters plume entering the calculation volume
through the inow triangles.
Therefore, the inow surfaces must be dened in a smart and ecient way: the
mesh size determines the scale length of the ow properties gradients. There are
two kinds of inow surfaces: closed and open surfaces.
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Open inow surfaces An open inow surface is a standard planar surface. This

must verify the rst condition mentioned in paragraph 3.3.1: either all the sides of
the inow surface lay on the boundaries or the whole surface lays on one boundary
side.
An inow surface is considered as a boundary for the calculation volume: the
space laying on one side of the surface is considered as ow eld while the space
laying one the other side is considered as being outside the ow eld so, even if it
falls within the calculation volume, it becomes forbidden for molecules and is not
considered during the simulation. DS3V uses a convention to distinguish between
the "ow eld" or "inside" and the "non-ow eld" or "outside": in the geometry
le, each line contains the coordinates of the three points dening one triangle.
When looking the triangle from outside, the order of the three triangle points as
written in the .raw line must be anticlockwise. This is related to the orientation
given to the surface during 3D modelling.

Closed inow surface The ow can be introduced using a closed inow surface :

the ow enters the ow eld space from all the surfaces of this solid and its inside
takes no part in the calculation. Closed surfaces have one main advantage compared
with open surfaces: they do not need to start and nish at the domain boundaries,
so they can be more or less anywhere and take any form. They do not even need to
be completely within the domain, they can be partly outside. They are much more
exible.

Inow surfaces: truncated cones Figure 3.2 shows an example of smart inow

surface: a truncated cone is placed coaxially to the plume axis with a small base
situated between the thruster ankle point and thruster exit point and the large base
or exit surface situated downstream. The cone has an angle similar to the one of
the plume in order to obtain a uniform density over the lateral surface of the cone.
The truncated cone shown in gure 3.2 has one drawback: the plume axis goes right
through the exit surface (large disc). Thrusters are always positioned and oriented
in a way that they never re toward a spacecraft surface. Therefore, the plume axis,
which is a very dense region, is not to be simulated because it would slow down the
simulation dramatically and deteriorate the computation accuracy. One solution is
to cut the cone by a plane so that its exit surface disappears, as shown by gure 3.3.
Thus the cone becomes an open surface and the condition on open surfaces imposes
that it ends on the domain boundaries: the cone should therefore be cut by a plane
that corresponds to one of the boundary planes.

3.3.2 Generating the DS3TD.DAT le
The DS3TD.DAT is a copy of the geometrie.raw le with some added informations
needed as input to run DS3DG.exe. The additional elements are:

30

CHAPTER 3. DS3V: INTERFACING OF A DIRECT SIMULATION
MONTE-CARLO CODE FOR AN INDUSTRIAL APPLICATION

Figure 3.2: Closed inow surface: truncated cone
- A line at the top of the le containing the total number of surfaces.
- For each surface, the number of triangles is written instead of the surface name
beginning with the word "Object".

Basic steps
To generate the DS3TD.DAT le, the following steps have to be done:
1) The .raw le containing the 3D geometry is renamed manually "geometrie.raw". The extension .raw must be kept.
2) This le has to be copied into the folder containing the FORTRAN count.exe
routine.
3) The routine count.exe is run from a Linux machine.
4) The new le DS3TD.DAT is generated by count.exe.
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31

Figure 3.3: Truncated cone cut open to avoid simulating the dense plume axis

3.3.3 Generating the DS3TD.DAT
The basic steps to generate the DS3TD.DAT le are the following:
1) The DS3TD.DAT le is copied into the folder containing the DS3DG.EXE
program.
2) The DS3DG.EXE program is run in Windows.
3) The user species the number of species in the gas.
4) For each mesh triangle, the user species if it is a "Solid surface triangle with
species-independent properties" or an "Inow triangle".
5) a) For an Inow Triangle, the panel shown in gure 3.4 will follow. The
user must only enter the "Fraction of Species" and set the "Flow stop time" to a
value suciently high compared with the virtual simulation duration (not the real
simulation time, but the nal value of the time variable in the simulation). Usually
a few seconds is enough because the time variable does not usually reach 1 second.
All the other parameters of the inow triangle are ow eld information that will
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be set automatically by the FORTRAN routine ds3vpr.exe.

Figure 3.4: Input parameters for an Inow Triangle
b) For a solid surface triangle, the gas-surface interaction parameters (absorptivity, specularity,...) are specied.
6) Once the operation is done for all mesh triangles, the le DS3SD.DAT is
generated.

3.4 Interfacing with the ow eld le
Figure 3.5 shows an example of plume ow eld computed with PLUMFLOW. To
interface DS3V program with the ow eld le, the following steps have to be done:
- Creation of the input les (thruster and PARAM.FOR les).
- Run of the ds3vpr.exe routine.
These two steps are presented in the following paragraphs.

3.4. INTERFACING WITH FLOW FIELD

Figure 3.5: PLUMFLOW computation

3.4.1 Input les
The thruster le
Figure 3.6 shows an example of thruster le.

Figure 3.6: Example of thruster le
The dierent elements are dened as follows:
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1) The current version of the FORTRAN routines work only with one thruster,
so the number of thrusters ("NOMBRE DE MOTEURS") must be 1.
2) The name of thruster ("NOM DU MOTEUR") must be the same as the
.FLOW corresponding le.
3) In the third line ("POINT DE FIXATION MOTEUR") the coordinates of
the ankle point of the thruster are given.
4) In the fourth line ("COSINUS DIRECTEURS ET LONGEUR"), the unit
vector of the thruster direction (from the ankle to the exit point of the thruster) is
specied, plus the length in meter of the thruster. Using the coordinates of the ankle
point, the director cosines and the length, the program calculates the coordinates of
the exit point, which is the origin of the ow eld in the .FLOW le.

3.4.2 The DS3VPR.EXE routine
This is the key step of the DS3V interfacing with PLUMFLOW. The FORTRAN
routine ds3vpr.exe enriches the geometry le with the ow eld informations from
the .FLOW le generated by the PLUMFLOW calculation. In other words, the
plume from a thruster simulated with PLUMFLOW is set into the specied inow
boundaries. This is done in the following steps:
1) The DS3SD.DAT le generated by DS3DG.EXE has to be renamed manually to DS3SDPR.DAT and copied into the folder where DS3VPR.EXE is. The
le is renamed in order to distinguish it from the DS3SD.DAT le generated by
DS3VPR.EXE which contains the inow information.
2) This folder must contain the les PARAM.FOR, THRUSTER and the .FLOW
and .TO7 les corresponding to the thruster name specied in THRUSTER.
3) The routine DS3VPR.EXE is run in a Linux machine.
4) The new le DS3SD.DAT is generated.

3.4.3 Running a new DS3V simulation
When running a new simulation, a number of parameters important for the simulation need to be dened.

Maximum allocated RAM
First, the maximum RAM allocated to the calculation is specied. A number of
simulation parameters will be set automatically by the program depending on the
value of this parameter. For example, the larger the allocated RAM will be, the
larger the number of simulated molecules and the number of cells will be. The
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maximum RAM depends on each PC, so each user should nd out the limitations of
his own computer. It has to be noted that DS3V 2.6 can only be run on 32 bit PC,
so the maximum RAM must be less than 2Gb. Nevertheless, it has been observed
that, in practice, for allocated RAM higher than 1024Mb, the simulation bugs.
However, it is not always worthy to use the maximum possible memory because,
although this leads to a more accurate simulation, it also slows down the calculation.

Flow eld limits
The specication of the "Flow Computation Region" must respect the rules explained in paragraph 1) of section 3.3.1. The window shown in gure 3.7 is used to
set the domain boundaries.

Figure 3.7: Setting the ow eld boundaries

Setting the gas properties
The gas properties can be specied by the user by choosing the "Custom Composition" option or set automatically by choosing one of the standard gases. Then,
the molecular properties are specied in the DS3V interface, see gure 3.8(b). The
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"Reference diameter of the molecule", the "reference temperature", the "Viscositytemperature power law" and the "Molecular mass", must be read by the user in the
.T07 le (generated by PLUMFLOW) and they are found in the positions shown in
gure 3.8(a).

Properties of the main stream
DS3V oers the user the possibility of simulating a homogeneous stream. However,
this option is not used when analyzing plume-spacecraft interaction because the
plume of a thruster is never a homogeneous stream. Nevertheless, when DS3V
estimates the number of real molecules represented by a simulated molecule, it uses
the "Main Stream Properties" as reference properties. The most important of these
parameters is the "Number Density". For example, a high number density will make
every simulated molecule to represent a large number of real molecules. Therefore,
the user should specify parameters representative of the plume.

Boundary conditions
The calculation volume is a parallelepiped. The user attributes boundary properties
to each of the six surfaces dening the parallelepiped: they can be outside the ow,
a plane of symmetry, a stream boundary or a vacuum interface.

Initial conditions
There are two main options for the initial conditions: the initial ow is a vacuum
or the reference stream dened by the user.

3.4.4 Division of the domain
After setting the parameters, DS3V.EXE enters a calculation phase in which it divides the ow eld in a number of divisions, sampling cells and collision cells. The
three steps are the following:
- In the rst step, DS3V divides the calculation volume in a number of divisions.
The colored divisions, see gure 3.9(a), correspond to ow eld regions accessible to molecules and the dierent colors indicate how far a division is from solid
boundaries. This is important for simulation because only in divisions considered to
be suciently close to a solid boundary will ow-surface interaction be computed.
The white regions are those laying inside a solid, so these regions are forbidden to
molecules.
- In the second step, the divisions are redivided to form the sampling cells, see
gure 3.9(b), which are used for computation and visualization of ow macroscopic
properties.
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(a) Mean molecular properties in the .T07 le

(b) DS3V interface for molecular properties input

Figure 3.8: Read and input of the molecular properties
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(a) Divisions

(b) Sampling cells

(c) Collision cells

Figure 3.9: The three steps of space meshing
- Finally, the sampling cells are also divided to form the collision cells, see gure
3.9(c). As explained in detail in section 3.2.3, these cells are used to compute
collisions between the simulated molecules.

3.4.5 Continue/modify an ongoing simulation
A simulation can be stopped in order to modify some computational variables and
be launched again. Before relaunch, the spatial mesh can also be adapted, which is
an important option for a DSMC code.

Modify the computational variables
The option "Continue the current run" allows the user to stop and continue simulations in only a few seconds. Moreover, some simulation parameters can be adapted.
The option "Factor to Change the Number of Simulated Molecules" is very useful:
assume a simulation with 100.000 simulated molecules, each of them representing
1015 real molecules. If these 100.000 molecules are considered not to be sucient
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to provide an accurate result, the total number of simulated molecules can be multiplied by a factor chosen by the user. For example, a factor of 10 will lead the
simulation to employ 1.000.000 molecules and each of these will now represent 1014
real molecules. On the contrary, if the simulation if too slow because there are too
many simulated molecules, their number can be multiplied by a factor less than 1.

(a) Before adaptation

(b) After adaptation

Figure 3.10: Collision cells in a DS3V simulation of a rareed gas ow past a sphere

Cells adaptation
The initial division of the ow eld is done with cells of the same size because the
program does not know how the ow eld will look before launching the simulation.
Once the simulation has gone for a certain time, there may be regions with higher
densities and others with lower densities. In the high density regions, there will
be a lot of simulated molecules, while the low-density regions will have very few of
these. However, in both regions the cell size is similar. The option "Adapt Cells and
Continue" generates a new cells network in the domain, this time taking into account
the density distribution. In the high-density regions, the sampling and collision
cells will be small, allowing catching the steep gradients of macroscopic properties
while keeping a sucient number of simulated molecules per cell to assure a good
statistics. In the low-density regions, the cells must be large to contain a suciently
high number of simulated molecules. See gures 3.10(a) and 3.10(b) for an example:
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before adaptation, the cells size is uniform. After adaptation, that is no longer true:
in the wake, the cells are clearly larger to counteract the low-density while the cells
in the stagnation and shock region are smaller than anywhere else to counteract
the high-density. Adapting the cells is an option that has physical meaning only
when the initial simulation has been running suciently so that the adaptation is
based on a rst, although not so accurate, solution of the problem. When adapting
the cells, the user has to specify the number of molecules per collision cell and the
number per sampling cell (Bird [7] recommends 7).

3.4.6 Results output
The results can either be visualized using the DS3V visualization options, see gure
3.11, or written in output les. There are two dierent output les, one contains
ow eld information and another contains information of ow-surface interaction.

Figure 3.11: DS3V visualization interface

Chapter 4

SYSTEMA/PLUME: a simplied
approach for plume impingement
analysis
4.1 Method overview
The SYSTEMA/PLUME tool is used to predict the plume impingement eects on
any target geometry. The computation is begun with the denition of the geometry
and location of the thrusters. Then, a plume ow eld previously computed by the
PLUMFLOW module is selected. The selected thruster le contains the following
characteristics of the plume ow in the spatial vacuum:
- Physical properties of the gas: viscosity, heat capacity ratio ( ), specic heat
capacity and Prandtl number as a function of gas temperature.
- Thermodynamic properties of the plume: velocity, density, pressure, temperature.
This information is used to calculate the eects produced by the plume impingement on the spacecraft surfaces. This includes:
- Dynamic eects: pressure and shear stresses.
- Thermal eects: convective and radiative heat uxes.
- Contamination: mass uxes.
This is done by interpolation of the ow eld on the solid surface meshes. The
main physical assumption of this method is that the ow is not modied by the solid
surfaces so the interaction is calculated directly from the ow properties predicted
41
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by PLUMFLOW at the surface positions. Once the ow eld has been interpolated,
PLUME employs a number of equations based on the macroscopic ow properties to
compute the eects on the surface. These equations are based on a major physical
assumption: the ow is in the free-molecular regime. In space, a ow becomes
rareed quickly outside the thruster so this hypothesis matches the reality often.

4.2 Gas-surface interaction in the free-molecular regime
4.2.1 Interaction model
The model used, see [13], is an extended version of the combination of diuse and
specular reections described in section 2.5.2. A molecule can undergo three dierent
interactions with a solid wall:
- absorption, characterized by the absorptivity , which is the ratio of absorbed
mass ux to the incident mass ux,
- specular reection, characterized by the ratio  of specularly reected mass ux to
the reected mass ux,
- diuse reection, characterized by the accommodation coecient ac dened in
section 2.5.2.
In other words, the model assumes that for an incident mass ux m_ ,
- the fraction m_ is absorbed or gets stuck in the surface,
- the fraction (1
)m_ is reected specularly,
- the fraction (1 )(1 )m_ is reected diusely with an accommodation coecient
ac .
The absorption is always set to zero because of a lack of experimental data to
characterize the absorptivity. Consequently, this parameter does not appear in the
equations presented in the following paragraphs.

4.2.2 Impingement pressure
The impingement pressure is the eective force per unit surface applied to the body
in the direction normal to the local surface. The absorption phenomenon being
ignored here, the transmission of this force occurs through specular or diuse reection of molecules. Under the assumption of free-molecular regime, the reected
molecules from the body travel a very long distance before colliding with another
molecule. The pressure applied on the surface is the sum of the pressures due to the
incident and reected gases,
p = pi + pr :
(4.1)
It must be remembered that the pressure is the normal momentum ux to a surface
(solid or ctitious).
The incident molecules are assumed to be those of the equilibrium free-stream,
and the corresponding pressure, i.e. the normal momentum ux counted positively
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when arriving to the surface, is given by equation (4.25) in [6],

2 =1 = pi = [! exp( !2 ) + 1=2 f1 + erf (!)g  (1=2 + !2 )]=1=2
pi 2 1
p1

(4.2)

c0
where s = p2RT
is the molecular speed ratio and ! = s sin( ) = s cos() where
1
is the angle of incidence of the stream velocity vector to the surface element
and  = =2
is the angle of the stream velocity vector to the vector normal
to the surface, and = (2RT ) 1=2 . The subscript 1 is a direct consequence of
the free-molecular regime assumption: it means that the incident ow is the local
undisturbed ow.
The reected gas is considered ctitiously as a gas emitted by the surface. The
normal momentum ux of this gas is equivalent to a pressure on the solid surface
thanks to the principle of action-reaction. Among the reected molecules, a fraction 
is reected specularly and the rest is reected diusely. The reected gas is therefore
divided in two gases with two pressures, so that the pressure of the reected gas is
written as
pr = pr;spec + pr;diff :
(4.3)

In specular reection, the solid boundary acts as a plane of symmetry, so the
specularly reected molecules have the same equilibrium distribution as the incident
molecules. The pressure is linearly proportional to the gas density, so, as only a
fraction  out of the total number of incident molecules is reected specularly, the
pressure of the gas reected specularly is

pr;spec = pi :

(4.4)

This means that the total impingement pressure pimp is

pimp = pi + pr;spec + pr;diff = (1 + )pi + pr;diff :

(4.5)

The last step is to express the pressure of the gas reected diusely. This is done
in two steps. Firstly, the mass ux of the specularly reected gas is calculated using
the principle of mass conservation: as no real molecules are absorbed nor emitted
by the surface, the net number ux to the surface element must be zero. Then,
the accommodation coecient which controls the thermal equilibrium between the
gas and the wall provides the temperature Tr;diff of these molecules. Finally, the
corresponding pressure pr is given by equation (4.2) for a stationary gas.
The net number ux must be zero, so

N_ r;diff = N_ i N_ r;spec = (1 )N_ i

(4.6)

where dot means time derivative.
The incident gas is the free-stream gas, so the incident ux is given by equation
(4.22) in [6]
n
N_ i = 1=12 [exp( !2 ) + 1=2 !f1 + erf (!)g]:
(4.7)
2 1
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The diusely reected gas is in a steady state in equilibrium with the wall, so
its ux is given by equation (4.24) in [6]

N_ r;diff =

nr;diff

:
21=2 r;diff

(4.8)

The combination of equations (4.6), (4.7) and (4.8) gives the number density of the
diusely reected gas as

nr;diff = (1 )n1 (T1 =Tr )1=2 [exp( !2 ) + 1=2 !f1 + erf (!)g]

(4.9)

Usually, the accommodation coecient is set to 1 and the temperature Tr is therefore
Tw . This provides in most cases the worst-case scenario (highest thermal ux) and
according to Bird [6], it appears to be adequate for the vast majority of practical
gas ows. Bird [6] also says that there is no model of gas surface interactions giving
Tr;diff when 6= 1 adequate for quantitative studies over a wide range of parameters.
An empirical model is needed at this point.
Finally, equation (7.53) in [6] is used to obtain the pressure due to the portion
of molecules reected diusely:

pr;diff =

nr;diff m
2
4 r;diff

n m
= (1 ) 1
(T1 =Tr )1=2 [exp( !2 ) + 1=2 !f1 + erf (!)g]
2
4 r;diff

(4.10)

so

2 pr;diff
pr;diff 2 1
=
p1
1
1
= (1 ) (Tr;diff =T1 )1=2 [exp( !2 ) + 1=2 !f1 + erf (!)g]:
2

(4.11)

The impingement pressure normalized to the free-stream pressure is thus given
by combination of equations (4.5), (4.11) and (4.2) and coincides with equation
(7.58) in [6]
h

pimp =p1 = (1 + ) 1=2 s sin + 1=2(1 )(Tr;diff =T1 )1=2
h

i

 exp( s2 sin2 )

+ (1 + )(1=2 + s2 sin2 ) + 1=2(1 )(Tr;diff =T1 )1=2 1=2 s sin


i



 1 + erf (s sin )

(4.12)

where, for reminder, ! = s sin . The terms with (Tr;diff =T1 )1=2 are those related
to diuse reection and the others are related to incident and specular reection.
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4.2.3 Shear stress
Shear stress is the parallel momentum ux to the surface. Like with pressure, the
total shear stress  on the surface is the sum of the incident and reected shear
stresses i and r
 = i + r
(4.13)
where the reected shear stress is the sum of the

r = r;spec + r;diff :

(4.14)

For specular reection, equations 7.50 in [6] give

r;spec = i

(4.15)

so, in the general case where a fraction  of incident molecules are reected specularly

r;spec = i :

(4.16)

As the reected shear stress is zero in diuse reection, see equation (7.52) in [6],
the total shear stress in our general case is

 = (1 )i :

(4.17)

The shear stress due to incident molecules is the inward parallel momentum ux
given by equation (4.26) in [6] as

2 i = = s cos ( Ni =n):

(4.18)

The incident number ux is given by equation (4.7) which, combined with equations
(4.18) and (4.17), gives the total shear stress (equation (7.61) in [6]):

=p1 =  1=2 (1 )s cos

h

i

exp( s2 sin2 ) + 1=2 s sin f1 + erf (s sin )g :

(4.19)

4.2.4 Heat transfer
The total energy ux is also the sum of the incident and reected energy uxes,

and again

q = qi + qr

(4.20)

qr = qr;spec + qr;diff :

(4.21)

Like with the pressure, we have

qr;spec = qi :

(4.22)
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The incident thermal ux is the sum of the inward translational energy ux
and the inward internal energy ux given by equations (4.27) and (4.30) in [6]
respectively. The sum of these expressions gives

1
3
2 + 1 gexp( s2 cos2 )+21=2 s cosfs2 +
1 qi =1 = 81=2 [f2s +
1

1

gf1+erf (s cos)g]:

(4.23)
The thermal ux due to molecules reected diusely can be related to the corresponding pressure by combining equations (7.53) and (7.54) in [6] to give:

qr;diff =

+ 1 pr;diff
1 21=2 r;diff

(4.24)

so using equation (4.11) we obtain

3 qr;diff
2 1
+1
1 T
=(
)(1 ) 1=2 r;diff [exp( !2 ) + 1=2 !f1 + erf (!)g]: (4.25)
1
1
T1
4
Therefore, the total energy ux is




1
1) + ( + 1)=( 1)(Tr;diff =T1 )
2
h
i
(4.26)
 exp( s2sin2 ) + 1=2s sin 1 + erf (s sin )
1
exp( s2 sin2 )):
2

3 q=1 =(1
2 1

)=(21=2 )( s2 + =(

Chapter 5

Backow impingement:
comparison between
SYSTEMA/PLUME and DS3V
5.1 Introduction
As explained in section 4.1, the SYSTEMA/PLUME method assumes that the ow is
not disturbed by solid structures. This is the main dierence with the DSMC method
used in the DS3V code. DS3V simulates real ow-structure interactions because the
ow itself is modied so the impingement eects on the structure depend on how
the structure itself has modied the ow. From the numerical point of view, the
SYSTEMA/PLUME and DSMC methods are completely dierent. While DSMC
simulates the movement of molecules, SYSTEMA/PLUME employs a number of
equations based on the macroscopic properties to compute the eects on the surface.
These equations are based on the assumption that the ow is in the free-molecular
regime. When a surface is close to the thruster and the gas is not rareed enough,
this hypothesis looses legitimacy. As the gas is modeled at the molecular level, the
DSMC method makes no assumption concerning the ow regime so in principle it
is valid in the free-molecular, transitional and continuum regime.
All together means that the DSMC method is more accurate than the SYSTEMA/PLUME approach. However, while a SYSTEMA/PLUME computation
takes some seconds, a DS3V simulation lasts from a few hours to a few days. Therefore, DS3V should only be used when it is clear that SYSTEMA/PLUME does
not give accurate results. This chapter details a study case where both approaches
were compared in order to evaluate the accuracy of SYSTEMA/PLUME and also
to understand the physical phenomena that might induce this approach to loose
accuracy.
A recurrent conguration in Astrium satellites that requires plume impingement
analysis is that of a thruster ankled on one satellite's surface. Usually, the surface
is a radiator and the magnitude of interest is the thermal ux. During attitude
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operations, the thruster is always tilted with an angle between 15 and 35 degrees
to the surface normal, as shown in gure 5.1. This reduces the angle between
the surface and thruster's plume axis, so the eects of the plume impingement
increase. Also, as the thruster is tilted, density in the region between the surface
and the plume axis increases the probability of having collisions between incident
and reected molecules may be suciently high to cause an important disturbance
of the ow: possibly, collisions provoke an increase of the density in this region and
modify the plume impingement eects. Up to now, the plume impingement eects

Figure 5.1: Typical conguration of tilted thruster

for this kind of congurations were studied using SYSTEMA/PLUME. However,
this tool neglects the modication of the ow by the surface and this may lead
to error on the thermal ux quantication. This section presents a comparison of
results obtained with SYSTEMA/PLUME and DS3V for ve tilt angles that cover
the range of operation angles: 15, 20, 25, 30 and 35 degrees.

5.2. SIMULATION HYPOTHESIS
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5.2 Simulation hypothesis
The ow from the thruster was calculated using the module MATFLOW [14] in
PLUMFLOW. This module expands the gas streamlines from the thruster exit to
the innity using an isentropic expansion. The resulting ow eld was used as input
both for the SYSTEMA/PLUME and DS3V software.
The spacecraft surface was represented by a at square plate of 0:6m long laying
on the XY plane. The thruster was ankled in the middle of the sides parallel to the
X axis and at 0:1m from one of the sides parallel to the Y axis, as shown in gure
5.2(a). It was positioned 6mm above the plate and tilted around the Y axis with
the ve dierent tilt angles mentioned previously. The coordinates of the thruster's
ankle point were therefore: X = 0:1m; Y = 0:3m and Z = 0:006m.
The SYSTEMA/PLUME tool computes the plume impingement eects on the
surface using directly the ow properties computed by PLUMFLOW at the surface
position. The advantage of using DS3V was that the ow could be introduced at
a certain distance of the surface so that DS3V could simulate the ow between
the introduction point and the surface. Therefore, the simulated ow may take
into account the disturbance induced by the surface which always reaches some
distance from the surface itself. Ideally, the ow should be introduced into the DSMC
simulation right after the thruster's exit, but then DS3V would have to simulate the
plume axis which is a very dense region, i.e. lot of simulated molecules which, in
fact, have little inuence on impingement but would slow down the simulation. In
order to introduce the ow as far as possible from the surface but not too close
to the plume axis, the boundary used was a truncated cone situated around the
thruster; the cone widens downstream, see gure 5.3. The simulation in DS3V was
done with only one molecular species whose properties were the average properties
of the species contained in the ejected gases. These mean properties were read in
the PLUMFLOW output les.
Diuse reection with complete accommodation to the wall temperature (273 K)
was assumed both in SYSTEMA/PLUME and DS3V computations. In DS3V, elastic and inelastic collisions were computed using the VHS and Larsen-Borgnakke
model respectively, assuming three internal modes for molecules because the H2 O
molecule was one of the major components of the exhausted gas. These models have
been validated by Bird [7] and are recurrently used in engineering applications, for
example by Markelov [3].

5.3 Results and analysis
5.3.1 Impingement eects
During design phases, the maximum value of impingement eects is what engineers
are interested in from plume-spacecraft interaction analysis. The maximum thermal
ux, which is the most important impingement eect in this conguration, is compared in table 5.1 and gure 5.4. The deviations presented in all following tables is
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(a) Front view

(b) Side view

Figure 5.2: Position of the tilted thruster ankled on a satellited surface
calculated with the DS3V value as reference: x
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The rst important result is that both methods predict the same tendency:
the thermal ux increases when the tilt angle increases. At small tilts, 15 and 20
degrees, the error is negligible, while at higher angles, 25, 30 and 35 degrees, the
error is of the order of 10-15% . Nevertheless, 10-15% is a very low and satisfactory
deviation considering that SYSTEMA/PLUME is a very simplied approach which
diers a lot from the DSMC approach. The two methods give very similar thermal
uxes in terms of shape and intensity and this is still true for the ve tilt angles,
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Figure 5.3: Tilted thruster ankled: DS3V simulation boundaries and introduction
of the ow
thruster tilt DS3V SYSTEMA/PLUME Deviation
15°
620
610
-1.6%
20°
830
830
0%
25°
1130
1260
11.5%
30°
1590
1850
16.3%
35°
2310
2650
14.7%
Table 5.1: Maximum thermal ux (W  m 2  s 1 )
compare gures A.1(a) and A.1(b), A.2(a) and A.2(b), A.3(a) and A.3(b), A.4(a)
and A.4(b), A.5(a) and A.5(b). Another important result is that for all tilt angles,
except 20°, the distance between the maximum thermal ux positions predicted
with the two software are smaller than the spatial resolution of the mesh, so it can
be considered that both methods place the maximums at the same position. One
additional important thing is that SYSTEMA/PLUME has given worst case results
for the thermal ux; therefore, previous impingement analysis in the backow region
have not underestimated the thermal ux. All these results are very positive and
reinforce our trust in both computational methods.
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Figure 5.4: Maximum thermal ux
thruster tilt
15°
20°
25°
30°
35°

DS3V

SYSTEMA/PLUME Deviation
4:90  1021
13%
21
6:63  10
13%
9:51  1021
14%
1:41  1022
9%
2:02  1022
12%
Table 5.2: Maximum number ux (molecules  m 2  s 1 )

5:60  1021
7:60  1021
1:10  1022
1:55  1022
2:30  1022

thruster tilt DS3V SYSTEMA/PLUME Deviation
15°
0.45
0.41
9%
20°
0.62
0.58
6%
25°
0.83
0.79
5%
30°
1.2
1.15
4%
35°
1.65
1.72
-4%
Table 5.3: Maximum pressure (Pa)
Figure 5.5 plots the maximum number ux, at all tilt angles, predicted by both
methods and table 5.2 gives the deviation with the DS3V value taken as a reference. They both predict an increase of this maximum number ux as the tilt angle
increases and DS3V gives values 13% higher at all angles except 30 degrees (9% ).
Figure 5.6 plots the maximum pressure which also increases with the angle according to both methods. Table 5.3 shows that DS3V again predicts higher values
for all angles except 35 degrees. As matter of fact, the deviation decreases from
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Figure 5.5: Maximum number ux

Figure 5.6: Maximum pressure

+9% to -4% as the tilt angle increases.
Finally, gure 5.7 plots the maximum shear stress, which also increases with the
angle. However, at all angles, DS3V predicts values around 12% lower, except at 15
degrees (3% ), see table 5.4.

54 CHAPTER 5. COMPARISON BETWEEN SYSTEMA/PLUME AND DS3V
thruster tilt DS3V SYSTEMA/PLUME Deviation
15°
0.32
0.33
-3%
20°
0.43
0.49
-14%
25°
0.63
0.7
-11%
30°
0.86
0.97
-13%
35°
1.21
1.35
-12%
Table 5.4: Maximum magnitude of shear stress (Pa)

Figure 5.7: Maximum magnitude of shear stress

5.3.2 Plume expansion
In the DS3V calculation, the plume was introduced with a truncated cone, as shown
in gure 5.3. This means that, from the nozzle to the cone surfaces, the plume
was expanded by PLUMFLOW, but from the cone to the spacecraft surface, the
expansion is computed by DS3V, i.e. with the DSMC method. On the contrary, as
the SYSTEMA/PLUME tool computes ow-surface interaction using the ow eld
properties computed by PLUMFLOW at the surface position, the full expansion
from the nozzle to the surface was done by PLUMFLOW, as shown in gure 5.8.
In other words, even before calculating any ow-surface interaction, the incident
ow may dier from one method to the other just due to the dierent expansion
methods. In this paragraph, comparison between the ow expanded using DS3V
and PLUMFLOW is presented.
As the goal is to study ow expansion and not disturbance by the surface, the
DS3V expansion was performed exactly as the simulation described in section 5.2
with an important dierence: the solid boundary, i.e. the spacecraft surface, was
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(a) Plume expansion in the PLUMFLOW and DS3V computations

(b) DS3V simulation

Figure 5.8: Comparison of plume expansion simulation
removed. In this way, the ow expands freely from the cone to the surface position,
like in the PLUMFLOW computation. Then, by studying the ow at the former
position of the spacecraft surface, it could be understood how was the incident ow
just before disturbance due to interaction with the surface. In order to be in the best
conditions to compare this ow with the ow used as input by SYSTEMA/PLUME
to compute ow-surface interaction, a new DS3V simulation was run in the following
way: the plume was introduced a few millimeters before the spacecraft position and
the DS3V computation volume is a parallelepiped just surrounding the spacecraft
surface position, as shown by gure 5.8(b). Therefore, by looking at the ow eld
properties at the spacecraft surface position with the DS3V visualization tools, the
two expansion approaches could be compared. The comparison was done only with
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the two extreme tilt angles: 15 and 35 degrees.
Comparison of gure A.6(a) with A.6(b) and A.6(c) with A.6(d) shows that the
density eld expanded with the two methods is again very similar in terms of shape
and intensity and both methods predict the same position for the point of maximum
density. On the contrary, it can be seen in gures A.7(a), A.7(b), A.7(c) and A.7(d)
that the ow speed elds are dierent: the speed computed by PLUMFLOW is always higher than the one computed by DS3V and the dierence increases with the
distance to the thruster. This is to be contrasted with gures A.8(a), A.8(b), A.8(c)
and A.8(d), which clearly point out that DS3V predicts temperatures higher than
the ones predicted by PLUMFLOW. This is due to the assumption of isentropic
expansion used in PLUMFLOW: as internal energy is transformed in macroscopic
kinetic energy, the ow is accelerated and cooled down. On the contrary, temperature is kept high in the DSMC simulation through intermolecular collisions but part
of the macroscopic speed is lost and transfered to molecular agitation and rotational
modes. It must be underlined that the deviation between both results is higher
in the regions far from the thruster and lower in the regions close to the thruster,
specially around the maximum thermal ux position. It is natural to think that if
the two expansion methods have some fundamental dierences, their consequences
should increase as the expansion distance increases.
In accordance with the previous comment, the translational and rotational temperatures in the DS3V expansion are higher than in the PLUMFLOW one, see gures
A.10(a), A.10(b), A.10(c) and A.10(d). However, there is an additional point of interest here: only in the DS3V simulation, the rotational temperature is of the order
of 2 times the translational temperature. If the gas was at equilibrium, the energy
would be equally distributed among all the energy modes. In this simulation, there
are 3 translational and 3 internal (rotational) modes. This has a consequence on
impingement eects: if rotational energy increases in detriment of translational energy, momentum decreases so, at constant number ux, pressure and shear stresses
will decrease too. On the contrary, the energy a molecule gives to the surface when
being reected is independent of its allocations among the energy modes, so the
total thermal ux should be independent too.
Tables 5.5 and 5.6 compare the ow properties of the two expansions for 15 and
35 degrees tilt at the position where the maximum thermal ux was obtained in
each case. In both cases, the expansion with DS3V predicted higher densities and
temperatures and slightly lower speeds. This matches the observations of the plotted ow elds. However, the dierence between the two expansions is still low in
the region of the maximum thermal ux because this position corresponds to the
surface's closest position to the thruster; as said before, the dierence between the
two expansion methods increases with the traveled distance. As a matter of fact,
at 15 degrees, the deviation obtained for density and temperature is 3 times higher
than at 35 degrees. Probably, the reason is again that the thruster exit point is
closer to the surface at 35 degrees.
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Flow property

PLUMFLOW

Density (kg=m2 )
Flow speed (m/s)
Velocity normal to surface (m/s)
Temperature (K)
Translational temperature (K)
Rotational temperature (K)
Number ux (molecules=m2 =s)

2:5  1018

2:9  1018

4:58  1021

5:43  1021

2653
1830
266
258
273

DS3V
Deviation
expansion expansion
2586
1872
331
204
458

14%
-3%
2%
20%
26%
40%
16%

Table 5.5: Flow properties at the maximum thermal ux position with a 15° tilt
Flow property

PLUMFLOW
DS3V
Deviation1
expansion
expansion
2
19
Density (kg=m )
1:24  10
1:30  1019
5%
Flow speed (m/s)
2664
2612
-2%
Velocity normal to surface (m/s)
1713
1711
0%
Temperature (K)
390
416
6%
Translational temperature (K)
380
286
-33%
Rotational temperature (K)
400
546
27%
Number ux (molecules=m2 =s)
2:12  1022
2:22  1022
5%
Table 5.6: Flow properties at the maximum thermal ux position with a 35° tilt
In a nutshell, for the conguration we are studying, even before computing any
ow-surface interaction and the subsequent ow eld disturbances, the dierence
in the expansion approach alone leads to deviations from 5 to 20% on ow properties such as density, temperature and number ux which have direct inuence on
impingement eects.

5.3.3 DSMC: ow eld disturbance
To analyze the ow eld disturbance by the presence of the solid surface, it is a
good exercise to compare the DS3V simulations with and without solid surface. This
time, it was more ecient to visualize the elds in a XZ plane, i.e. a plane normal
to the solid surface. The plane chosen was the plane of symmetry (Y = 0:3m) of the
surface and containing the thruster's axis, see gure A.11(a). It must be remembered
that in the simulations with the solid surface, the ow properties take into account
the reected molecules so it is very dicult to distinguish between incident and
reected molecules. For example, in free-molecular regime, intermolecular collisions
are negligible so incident molecules could be treated as a gas and reected molecules
as a dierent gas; however, the program outputs the mean ow properties in each
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cell and this accounts for incident and reected molecules.
The rst thing that emerges from comparing gure A.12(a) with A.12(b) is the
creation of an overpressure on the surface around X = 0:24m (the plate is 0:6m
long). In this region, with the thruster tilted 35°, without surface, the density is of
the order of 5  10 7 kg=m3 , while once the surface is immersed in the ow, the density
increases to more or less 3:5  10 6 kg=m3 , i.e. 7 times higher. It is natural that the
density is multiplied by 2 because of the reected molecules, but a factor of 7 means
that a lot of molecules are conned in this region through collisions. Comparison of
gures A.11(a) with A.11(b) shows the appearance of an overpressure around the
same region for a 15° tilt as well. However, this time the density is multiplied by a
factor of 4 only, instead of 7. The clear reason for this a that the more the thruster
is tilted, the closer it is from the surface. Therefore, the density of the free expanded
ow at the position corresponding to the overpressure in the disturbed ow case is
of the order of 2  10 7 kg=m3 for 15° and 6  10 7 kg=m3 for 35°, see gures A.11(a)
and A.12(a). Consequently, there are more collisions in the 35° case and this helps
build up a large overpressure.
The supposition about the overpressure being caused by collisions between the
incident and reected gases is conrmed by the temperature elds. Figures A.13(b)
and A.14(b) show a sudden increase of temperature up to more than 1000 K that
takes the form of a stream owing in front of the plate. This hot stream does not
appear on the other side of the thruster but most important: the incident ow has a
temperature of no more than 600 K, see gures A.13(a) and A.14(a) and the diusely
reected gas is fully accommodated to the temperature of the plate (273 K). If there
were no collisions, the temperature would just be the average between these two
temperature, i.e. less than 500 K. It can be concluded that the rise of temperature
up to more than 1000 K is due indeed to collisions that would not occur if there
was no surface. It can also in fact be observed that this hot stream is closer to the
surface when the thruster is tilted 35 degrees than when it is tilted 15 degrees. This
again may be attributed to the dierent position of the thruster: with the large tilt
(35°), the reected molecules do not need to travel a lot to nd densities suciently
high so that the collision probability is high, while with the low tilt (15°), they travel
further from the surface and closer to the thruster before undergoing intermolecular
collisions. This is proved by the mean collision time elds. At both tilt angles, the
mean collision time close to the surface (X = 0:24m) is divided by 10: at 15°, it
is of the order of 2  10 3 sec and 2  10 4 sec with and without plate respectively
(see gures A.17(a) and A.17(b)), while at 35° it is of the order of 6  10 4 sec and
6  10 5 sec A.18(a) and A.18(b)). The mean collision time at the most dense point
of the ve simulations with a surface is plotted in gure 5.9: it decreases as the
thruster comes closer to the surface.
A local Knudsen number was estimated for the ve tilt angles in the position
corresponding, for each conguration, to the maximum thermal ux and is shown
in gure 5.10. All Knudsen numbers are higher than 0.2, which is the limit of the
continuum model according to Bird [6], and they are of the order of unity that
indicates that gas in the corresponding region is in the transitional regime and not
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Figure 5.9: DS3V simulation: mean collision time in the maximum thermal ux
point in function of tilt angle

Figure 5.10: DS3V simulation: local Knudsen number in the maximum thermal ux
point in function of tilt angle
in the free-molecular regime yet. The second observation is that there is a clear
gap between the two smallest angles, 15° and 20°, and the three largest, 25°, 30°
and 35°. This points out that the ows of the 15° and 20° congurations are closer
than the others to the free-molecular regime. In other words, the assumption of
free-molecular regime made in SYSTEMA/PLUME is more exact at 15° and 20°
tilts than at 25°, 30° and 35°.
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These results may explain the impingement eects curves: DS3V predicts a
number ux around 12% higher than SYSTEMA/PLUME at all tilt angles, see table
5.2. The pressure is the normal momentum ux so roughly it is the product of the
mass ux (number ux times the molecular mass) and the mean momentum. The
pressure deviation is clearly reduced in comparison with the number ux deviation
and at 35° the pressure predicted by DS3V is even lower than the one predicted
by SYSTEMA/PLUME, see table 5.3. This means that the mean momentum in
the disturbed ow (DSMC simulation) is lower than the mean momentum before
disturbance (PLUMFLOW computation) and the tables indicate that this dierence
is higher at high tilt angles. This can be explained by the fact that the plume ow
is stopped by the dense region created by the reected molecules. The number ux
in the SYSTEMA/PLUME computation is mainly due to the macroscopic velocity
of the gas, while in the DSMC simulation, the number ux is run, at least partly,
by molecular agitation. This explains, too, why DS3V predicts a lower magnitude
of shear stress: in the SYSTEMA/PLUME computation, the shear stress (parallel
momentum ux) is again run by the parallel macroscopic velocities, while in the
DS3V simulation, part of this momentum is transferred to molecular agitation. As
molecular agitation tends to be isotropic, the parallel momentum ux decreases.

5.3.4 Conclusion
From a engineering point of view, the most relevant result is that all impingement
eects predicted by SYSTEMA/PLUME and DS3V have deviations lower than 16%.
This is a very satisfactory result because DS3V is a sophisticated and physical approach very dierent from the simplied and fast SYSTEMA/PLUME method.
A study has been conducted to understand the origin of this dierence: rstly,
it was observed that the deviation between the ow properties of the gas expanded
without surface with PLUMFLOW and DS3V is between 5 and 20%. This deviation
increases as the distance to the thruster increases: therefore, as the thruster is tilted
down (increase of the tilt angle) and brought closer to the surface, the dierence
between the impinging ows at the surface position, before disturbance of the ow
eld by the surface, decreases.
On the other hand, as the thruster is tilted down, the density of the above
mentioned ow at the surface position increases just because it is closer to the
thruster. Consequently, the probability of collision between reected and incident
molecules increases as the thruster is tilted down and the ow is more disturbed
at high (35°) than at low (15°) tilt angles. The estimation of a local Knudsen
number conrmed that the disturbed gas is in the transitional regime but at small
tilt angles (15° and 20°) it is closer to the free-molecular regime assumed in the
SYSTEMA/PLUME approach.
In other words, regarding comparison between the DS3V and SYSTEMA/PLUME
simulations in the backow conguration, these two phenomena are opposed. The
rst reduces and the second increases the dierence when the tilt angle increases.

Chapter 6

Use of DS3V for plume
impingement analysis in an
Astrium spacecraft
6.1 Introduction
Plume impingement analysis on the instrument apertures of the Bepi-Colombo
spacecraft was performed with DS3V. The immediate reason for this was that the
inside of the apertures is not in the eld of view of the thrusters, so the SYSTEMA/PLUME tool could not be used. An additional reason was that the instruments are close to the thrusters so the ow was suspected to be in the transitional
regime and to be disturbed by solid surfaces. We present briey one of this analysis
to show an industrial application of the method. Figure 6.1 shows the Mercury
Transfer Module (MTM) on top of the Mercury Polar Orbiter (MPO), with his
radiator panel and the apertures for three star trackers. The Bepi-Colombo team
requested an evaluation of plume-impingement contamination on the star tracker
lenses, situated at the bottom of the apertures. The thrusters suspected of contaminating these lenses are the MTM thrusters 7, 8, 11 and 12, see gure 6.1, and the
MPO thrusters 1, 2, 3 and 4 shown in gure 6.2. Only the simulation corresponding
to the MTM thruster 11 is presented here.

6.2 Hypothesis and simulation method
The simulation starts with the geometry denition. In this conguration, the radiator itself was the only structure from the MPO considered as non-superuous
for the simulation. Therefore, the .STEP (CATIA format) model of the MPO was
imported into RHINOCEROS and everything, except the radiator panel, was suppressed. Also, the geometrical details of the radiator that were supposed to have
no inuence in the results but would complicate the 3D model were eliminated.
The goal was to obtain the simplest but realistic model in order to mesh it easily.
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Figure 6.1: Bepi-Colombo spacecraft: MTM and MPO

Figure 6.2: Bepi-Colombo spacecraft: MPO radiator panel
For example, some small holes were lled up. On the contrary, geometrical details
that were suspected of having a non-negligible inuence on the ow eld were kept:
this is why the radiator panel ns were kept. For simulation of MTM thruster 11
plume-impingement, besides the radiator panel with its apertures and ns, only one
side of the MTM was used in the simulation and the ow from MTM thruster 11
was introduced through a rectangular surface, as presented in gure 6.3. All of the
gas arriving on the radiator panel from thruster 11 ows through this rectangular
surface so there was no need for a more complex interface with the thruster.
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Figure 6.3: 3D model used in the DS3V simulation of plume impingement on star
trackers
The ow eld computed with PLUMFLOW and corresponding to the real MTM
thruster 11 was used as input and interfaced with DS3V using the interface procedure
detailed in section 3.4. Then, the simulation was launched. Elastic collisions were
computed with the VHS model and inelastic collisions with the Larsen-Borgnakke
model. Molecules were supposed to have 3 internal (rotational) modes. All molecules
were reected diusely with complete accommodation.
The goal was to obtain the number ux (contamination) on the star tracker
lenses, situated at the bottom of the apertures, so the critical point of the simulation
was to obtain enough simulated molecules inside these apertures in order to have
good statistics. 8 millions simulated molecules were sucient to obtain around 15
molecules per cell in the apertures, as presented in gure 6.4. Figure 6.5 shows
how temperature increases in front of the panel due to collisions between incident
and reected molecules. Nevertheless, around the aperture, the rise of temperature
is weaker because molecules are absorbed into the hole. Finally, gure 6.6 shows
the density eld on the plane just above the radiator panel: the thin black lines
correspond to the radiator ns. Again, the inuence of the apertures on the ow
eld can be appreciated: there is a region of low density around the holes.

6.3 Results
Figure 6.7 presents a zoom view of the number ux around the star tracker apertures. It can be seen that the gas arrives from the North-East side of the gure
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Figure 6.4: Contamination on the star tracker lenses: molecules per cell

Figure 6.5: Contamination on the star tracker lenses: temperature

Figure 6.6: Contamination on the star tracker lenses: density
because the side of the ns and apertures exposed to this direction is much more
contaminated than the opposite (shadowed) side. During project design phases, the
most important is the maximum contamination so the maximum number ux on the
star tracker lenses due to the MTM thruster 11 is given in table 6.1. What really
contaminates the lenses are not the gas molecules, but droplets contained in the gas
due to incomplete combustion. Astrium knows the fraction of droplet mass contained in the plume of each thruster. It was assumed that all droplets incident on a
surface are deposited on it. Therefore the mass of deposited contaminant is obtained
by multiplying the number ux by the droplet ratio and by the ring time, both de-
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pending on the thruster. Finally, the maximum thickness of deposited contaminant
given in table 6.1 was obtained by summing the contribution of all thrusters. The
main contaminant on the three star trackers was MTM thruster 7. This is partly
because the apertures are not in the back, but in the front eld of the thruster and
gas molecules fall inside just by traveling directly from the thruster with a parabolic
trajectory; they do not need to undergo surface reections to reach the apertures.
Another reason is that MTM thruster 7 has a high droplet ratio (1.84% ) compared
to the other thrusters, for example MTM thruster 11 (1.43% ). It also res longer
(3846 sec.) than the MPO thrusters (3122 sec.). Thruster 8 has exactly the same
characteristics as MTM thruster 7 but it is positioned a lot further from the star
tracker apertures.

Figure 6.7: Contamination on the star tracker lenses due to thruster 11: number
ux

Star tracker lens Maximum Number Flux
Maximum Thickness of Deposited
2
1
(molecules  m  s ) Contaminant from all Thrusters (m)
1
1:63  1019
6.2
2
1:97  1018
0.3
3
3:58  1018
0.4
Table 6.1: Contaminant deposition on the star tracker lenses

Chapter 7

Conclusion
Bird's DMSC code DS3V was interfaced with Astrium's tool PLUMFLOW, which
computes the thruster's plume, and with the commercial 3D modeler RHINOCEROS
in order to perform accurate analysis of plume impingement on spacecraft. This
has already allowed the Space Physics section of the Modeling, Tools and Simulation department in Astrium to analyze complex geometry congurations in dierent
spacecraft, such as Bepi-Colombo, with a proved simulation method. Moreover,
each simulation lasts from a few hours to a few days maximum: this permits the
method to be used with exibility during design phase and iterate eciently with
other departments.
The Space Physics section also employs the SYSTEMA/PLUME tool for plumespacecraft interaction analysis. It is based on a simplied and fast approach which
is supposed to be accurate when the ow is in the free-molecular regime and the
ow eld disturbance by solid surfaces is negligible. On the contrary, this approach
may induce error in the transitional regime. In order to quantify this error, SYSTEMA/PLUME results were compared with DS3V results in a typical Astrium
conguration where the ow is in the transitional regime: a thruster's backow
impingement in the thruster's vicinity. The results were promising: the deviation
between the plume impingement eects predicted by both methods was always less
than 15% .
However, this deviation might change depending on the conguration. It is
supposed that deviation should decrease as the ow eld becomes more rareed.
Then we think that it is necessary to continue the study and compare both simulation
methods in other congurations. The goal is to have a very precise idea of how
accurate is SYSTEMA/PLUME in all typical Astrium congurations so one can
choose which simulation method to use.
Also important is to improve PLUMFLOW in order to have less dierences
between PLUMFLOW and DS3V expansions. DS3V can be used to assess the
accuracy of PLUMFLOW.
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(a) SYSTEMA/PLUME results

(b) DS3V results

Figure A.1: Comparison of the thermal ux given by PLUME and DS3V for a tilt
of 15 degrees
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(a) SYSTEMA/PLUME results

(b) DS3V results

Figure A.2: Comparison of the thermal ux given by PLUME and DS3V for a tilt
of 20 degrees
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(a) SYSTEMA/PLUME results

(b) DS3V results

Figure A.3: Comparison of the thermal ux given by PLUME and DS3V for a tilt
of 25 degrees
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(a) SYSTEMA/PLUME results

(b) DS3V results

Figure A.4: Comparison of the thermal ux given by PLUME and DS3V for a tilt
of 30 degrees
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(a) SYSTEMA/PLUME results

(b) DS3V results

Figure A.5: Comparison of the thermal ux given by PLUME and DS3V for a tilt
of 35 degrees
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(a) 15° tilt: PLUMFLOW expansion

(c) 35° tilt: PLUMFLOW expansion

(b) 15° tilt: DS3V expansion

(d) 35° tilt: DS3V expansion

Figure A.6: The density eld at the surface position in a free expansion without
solid surface
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(a) 15° tilt: PLUMFLOW expansion

(c) 35° tilt: PLUMFLOW expansion

(b) 15° tilt: DS3V expansion

(d) 35° tilt: DS3V expansion

Figure A.7: The ow speed eld at the surface position in a free expansion without
solid surface
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(a) 15° tilt: PLUMFLOW expansion

(c) 35° tilt: PLUMFLOW expansion

(b) 15° tilt: DS3V expansion

(d) 35° tilt: DS3V expansion

Figure A.8: The temperature eld at the surface position in a free expansion without
solid surface
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(a) 15° tilt: PLUMFLOW expansion

(c) 35° tilt: PLUMFLOW expansion

(b) 15° tilt: DS3V expansion

(d) 35° tilt: DS3V expansion

Figure A.9: The velocity normal to the surface eld at the surface position in a free
expansion without solid surface
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(a) Translational temperature at 35° tilt:
PLUMFLOW expansion

(b) Translational temperature at 35° tilt:
DS3V expansion

(c) Rotational temperature at 35° tilt: PLUM- (d) Rotational temperature at 35° tilt: DS3V
FLOW expansion
expansion

Figure A.10: The translational and rotational temperature elds at the surface
position in a free expansion without solid surface
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(a) Free expansion

(b) Flow disturbed by the surface

Figure A.11: DS3V simulation 15°: density eld of the free expanded ow and the
ow disturbed by the solid surface

(a) Free expansion

(b) Flow disturbed by the surface

Figure A.12: DS3V simulation 35°: density eld of the free expanded ow and the
ow disturbed by the solid surface

(a) Free expansion

(b) Flow disturbed by the surface

Figure A.13: DS3V simulation 15°: temperature eld of the free expanded ow and
the ow disturbed by the solid surface

(a) Free expansion

(b) Flow disturbed by the surface

Figure A.14: DS3V simulation 35°: temperature eld of the free expanded ow and
the ow disturbed by the solid surface
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(a) Free expansion

(c) Free expansion

(b) Flow disturbed by the surface

(d) Flow disturbed by the surface

Figure A.15: DS3V simulation 15°: translational and rotational temperatures elds
of the free expanded ow and the ow disturbed by the solid surface

(a) Free expansion: translational temperature

(b) Flow disturbed by the surface: translational temperature

(c) Free expansion: rotational temperature (d) Flow disturbed by the surface: rotational
temperature

Figure A.16: DS3V simulation 35°: translational and rotational temperatures elds
of the free expanded ow and the ow disturbed by the solid surface

82

APPENDIX A.

(a) Free expansion

(b) Flow disturbed by the surface

Figure A.17: DS3V simulation 15°: mean collision time of the free expanded ow
and the ow disturbed by the solid surface

(a) Free expansion

(b) Flow disturbed by the surface

Figure A.18: DS3V simulation 35°: mean collision time of the free expanded ow
and the ow disturbed by the solid surface
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