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Abstract

The present project is focused on physical models applicable to the numerical simulation of rarefied gas flows.
The main application considered in this work is the high-speed gas flow around vehicles returning from space at
early stages of atmospheric entry. We to focus mainly on the improvement and extension of the physical models
used with the most prevalent simulation technique for rarefied flows, the direct simulation Monte Carlo (DSMC)
method. Specifically, the areas of interest include the high-fidelity modeling of internal energy exchange and
chemical reaction processes occurring in the bulk gas, during its compression and heating in the bow shock region
in front of the vehicle. The second topic to be studied is the influence of chemical reactions taking place at the

surface of ablative materials on the gas flow.
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1. Introduction

Taking into account rarefied gas effects is of im-
portance in the correct prediction of the aerodynamic
behavior of space vehicles entering a planetary at-
mosphere. A major factor in the success of such a
mission is the correct determination of aerodynamic
forces and moments affecting the stability of the vehi-
cle. Under rarefied conditions the continuum descrip-
tion of the gas is no longer valid and traditional CFD
techniques based on solving the Navier-Stokes equa-
tions produce inaccurate results. Nowadays, the pre-
ferred technique for the numerical simulation of rar-
efied flows is direct simulation Monte Carlo (DSMC).
This is a particle-based method capable of describing
the flow at a molecular level. It is very flexible in the
sense that it can incorporate complex physical phe-
nomena, such as excitation of internal energy modes
and non-equilibrium chemistry directly into the colli-
sion algorithm.

As part of this doctoral project it was decided to
implement a small DSMC code capable of handling

© von Karman Institute for Fluid Dynamics

simple one-dimensional flow problems, such as steady
normal shock waves. After having used an existing
DSMC software package (RGDAS) for preliminary
studies in the previous year, it was concluded that re-
strictions in access to the sources and limited famil-
iarity with the RGDAS code would prevent it from
becoming a viable tool in the short term. This is the
main reason for the development of the present code.

The first year of this project was dedicated to gain-
ing familiarity with the subject matter of rarefied
flows and with the DSMC technique. Several large-
scale simulations of a classical reentry configuration
(Apollo) were conducted to assess the capabilities of
the method and to learn about properly setting the sim-
ulation parameters in order to obtain accurate results.
The main effort in this second year of studies has been
to go deeper into the details and implementation of al-
ready well-established models for inelastic collisions
used in the DSMC method. For this purpose, a ded-
icated DSMC code has been written. It is capable of
simulating simple one-dimensional, steady flow con-



figurations, such as normal shock waves, as well as
the unsteady relaxation of internal energy modes in
an adiabatic heat bath. It has also been adapted for
modeling stagnation streamline, as well as Couette-
type flows. At present, it is capable of simulating
rotational and vibrational energy exchange using the
standard Larsen-Borgnakke model. The implementa-
tion of the Total Collision Energy (TCE) method for
modeling chemical reactions is still underway. In this
paper, several of the preliminary results obtained with
this code are presented and, when possible, compared
to experimental results.

This summary is organized as follows: Section 2
outlines some basic features of the code. This includes
the physical models implemented so far, but also some
details of the code itself. Then, in section 3, results
for three different test cases are presented. They serve
to highlight the present-day capabilities of the code.
Finally, section 4 draws some conclusions and gives
an outline of the work still to come.

2. Development of DSMC code

The initial reason for writing this DSMC code was
the difficulty of simulating a simple normal shock
wave in RGDAS. The RGDAS package is very pow-
erful when it comes to simulating two- or three-
dimensional external flows around complex body
shapes. However, it does not include the capability
of applying arbitrary boundary and initial conditions.
This makes it very difficult to simulate the normal
shock wave problem. One way to circumvent this
issue was to simulate the flow around a blunt body
(e.g. a cylinder in 2D, or a sphere in 3D) and to ex-
tract the flow properties along the stagnation stream
line. However, this approach represents a huge waste
of computational resources, because one always has to
simulate a full 2D or 3D flow, for only a small amount
of information required. Additionally, the stagnation
stream line always includes interaction of the gas with
the wall and prevents slow relaxation phenomena (i.e.
taking place over long distances behind the shock) to
be analyzed without interference of the wall.

2.1. Collision routines

Most of the core functions that make up the DSMC
method are concerned with modeling intermolecular
collisions. The collision step itself can be divided
into several sub-steps. At the beginning of a colli-
sion step, every collision cell contains those particles
which ended up in the given cell after completing the
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free motion step. Determining the correct local col-
lision frequency is the first task in the collision step.
In the code this is done using the No Time Counter
(NTC) method, proposed by Bird [1].

The second step is the formation of random colli-
sion pairs within the cell. In the code, this is accom-
plished by arranging all particles in a list with a ran-
domized sequence. Then, consecutive particles (i.e.
particle 1 and 2, 3 and 4, etc.) will form collision
pairs. The standard DSMC routines used in this code
make no distinction between particles because of their
location within a cell or their relative pre-collision ve-
locities .

The next step in the collision procedure is deter-
mining whether a collision actually occurs between
the previously defined pairs. In the NTC method, the
probability of collision for a given pair is calculated
from the expression:

Peon = Ir
{O-T *Cr }max

where the product of the total collision cross sec-
tion o7 and the relative speed for each pair ¢, is used
in the numerator, while the maximum value for the
cell is used in the denominator. In order to calculate
the total cross section, a model for the intermolecular
potential needs to be defined. The most widely used
ones today in DSMC are arguably the Variable Hard
Sphere (VHS) and Variable Soft Sphere (VSS) mod-
els, introduced by Bird [4] and Koura [5] respectively.
Both of these models have been implemented in the
code.

2.2. Internal Energy model

One of the main reasons for developing the present
code is the study of internal energy exchange and
other inelastic collision processes, such as chemical
reactions in highly non-equilibrium flows, e.g. be-
hind normal shock waves. Over the years, a con-
siderable amount of effort has been invested into the
development of models for internal energy exchange
in DSMC. See, for example, the work of Haas et al
[6], [7]. These papers, along with a contributions by
Lumpkin [8], Boyd [9; 10; 11] and Bergemann [12]
helped to establish the Larsen-Borgnakke [13] model
as the most widely used one in the DSMC commu-
nity nowadays. Most of the details of the method are
explained thoroughly in Bird’s reference text [14]. It

I'Several DSMC implementations use the relative distance be-
tween particles for selecting collision pairs, see [2], [3]



is worth mentioning that the current implementation
in the code assumes a continuous distribution of en-
ergy in the rotational mode and a quantized energy
distribution of the vibrational levels. These vibra-
tional levels are based on the simple harmonic oscil-
lator (SHO) model of vibration. So far, these mod-
els have only been implemented for diatomic species,
such as molecular nitrogen.

2.3. Boundary conditions

Another important aspect in the implementation of
a DSMC code is the treatment of the boundaries. The
current code allows for the application of so-called
stream boundaries (i.e. flow inlets/outlets) and solid
walls with either fully diffuse or fully specular reflec-
tion at the domain boundaries.

The stream boundaries are implemented using so-
called “buffer cells”. These cells are located outside
of the flow domain, but immediately adjacent to the
regular cells. They simulate a reservoir of particles
with the correct Maxwell-Boltzmann equilibrium dis-
tribution of velocities and internal energies so as to be
consistent with the macroscopic flow parameters im-
posed at the boundary. At the beginning of every time
step, these buffer cells are filled with new particles.
These particles are then displaced along with the ones
already present inside the regular domain. Afterward,
all particles which have crossed the boundaries into
the domain are kept, whereas all particles lying out-
side of the boundaries are discarded.

Since the present code only allows for flow field
gradients in one spatial dimension, walls reduce to a
single point at the domain boundary and are necessar-
ily oriented normal to the coordinate direction. For
now, only the two most basic wall boundary condi-
tions in DSMC are implemented: fully specular and
fully diffuse reflection. They can be viewed as the
two extremes between which all gas-surface interac-
tions lie.

2.4. Mesh

In the current 1D code, the flow domain is divided
into a group of equally-spaced cells. In this imple-
mentation a two-level grid is used, where sampling
of macroscopic flow variables (such as density and
temperature) occurs at the coarser level, the so-called
sampling grid. The collision routines are implemented
on the second level, also called the collision grid.
Usually, a sampling cell contains one or more col-
lision cells and the reason for this arrangement lies
in the different resolution requirements for collision
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and sampling. Collision cells need to be made smaller
than the local mean free path in the gas. This is cru-
cial for the correct prediction of the local collision rate
during the collision step. The sampling cells, on the
other hand, are usually comprised of more than one
collision cell. Using the the particles contained in
several contiguous collision cells helps to increase the
sample size for obtaining average macroscopic prop-
erties and will result in smoother flow field profiles. It
should be noted, that the sampling cell size has no in-
fluence of the accuracy of the underlying simulation,
as sampling does not influence the behavior of the par-
ticles. The sampling cell size is, thus only a function
of the desired spatial flow field resolution.

At present, the sampling and collision grids need
to be set by the user at the beginning of a simulation.
Their sizes remain unchanged until the end of the run.
This simple set up has been enough for the test cases
considered so far (see section 3), because in most of
these flow configurations the local mean free path can
be estimated with sufficient accuracy beforehand, so
as to provide a lower bound on the collision cell size.
This is generally not the case for flows including ob-
stacles to the flow (such as general 2D or 3D flows
around solid bodies or the stagnation line flow). As a
consequence, some form of automatic grid adaptation
may need to be added to the code in the future.

sampling
cell
" I o
collision /, X
cells %

Figure 1: Two-level grid of sampling- and collision cells. There is
always an integer number of collision cells, per sampling cell.



3. Results

In this section, the results of some simulations
performed using the newly developed code, are pre-
sented. At the present time, the code is capable of
simulating translational and internal energy relaxation
in a cell, as well as in one-dimensional flows. Three
test cases are mentioned in this paper, because of their
relevance in testing several components of the code.

3.1. Normal shock wave in argon

One of the most simple flow configurations for
studying non-equilibrium flow phenomena in gases,
which can be simulated using a 1D code, is the nor-
mal shock wave. In order to be able to treat this
phenomenon as a steady flow, it must be viewed in
the shock frame of reference, i.e. the shock front re-
mains stationary in space, while the incoming pre-
shock equilibrium flow is supersonic and the post-
shock equilibrium flow is subsonic. The relationship
between pre-and post-shock flow conditions can be
directly determined from the Rankine-Hugoniot nor-
mal shock relations. For non-reacting gas mixtures
without vibrational excitation, these expressions have
a closed, analytical form, allowing the calculation of
post-shock density, temperature and velocity, as long
as the pre-shock conditions are known.

Using the code, the simulations were set up as fol-
lows: The pre-shock flow conditions were taken to
be equivalent to the ones studied by Alsmeyer [15].
In this paper, a number of density profiles were pre-
sented for normal shock waves in argon and nitrogen
gas. These profiles were obtained from experimental
investigations and are one of the few well-documented
test cases to validate numerical simulations against.
Alsmeyer reported profiles for argon at different Mach
numbers, ranging from fairly low supersonic (M =
1.55) up to hypersonic (M = 9) speeds.

In the simulation set-up, both the pre- and post-
shock conditions are imposed as boundary conditions
at the left- and right-hand side of the flow domain.
During the simulation, particles whose distribution
functions conform to these conditions, are injected on
both sides of the domain. At the beginning of the sim-
ulation, all the cells in the flow domain are already
filled with particles. A specific location xyep sepa-
rates two regions. To the left of it the flow is ini-
tialized at the pre-shock and to the right at the post-
shock conditions. This initial condition fixes the ini-
tial shock location and “trips’ the incoming supersonic
flow to form the shock wave. After an initial transient
phase, in which the shock structure is established,
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time-averaging of flow samples can begin. Time av-
eraging is usually necessary in DSMC, because the
number of particles in a given cell at a given time step
is usually much too small to give accurate enough val-
ues for the macroscopic flow parameters. In order to
obtain smooth profiles, the flow field samples need to
be averaged over many time steps. Of course, this ap-
proach is only applicable to macroscopically steady
flows.

A particularity of the normal shock wave problem is
that, given the simulation set-up described before, the
shock front location is not fixed in time. Since there
is no solid obstacle holding the shock in place, it is
possible for it to move from its initial position at xyep
(sometimes referred to as random walk). This phe-
nomenon has been observed in the present simulations
and causes problems for time-averaging of flow sam-
ples. If such samples are taken over a large enough
number of time steps, the shock front will have moved
from its initial location. Consequently, the time av-
eraged flow fields will be inaccurate, because of the
“smearing out” of the shock front. There seems to be
no direct solution to this problem. A way to minimize
this effect is, of course to reduce the sampling time.
Then, in order to compensate for the lower number
of time-averaging steps, one may increase the num-
ber of particles per cell used in the simulation. This
approach has been taken here and the number of par-
ticles per collision cell is on the order of several thou-
sand, instead of the more usual ten to twenty particles
per cell.

In the following, results for two different Mach
numbers are shown. Figure 2(a) shows the density
profile in a Mach 1.55 normal shock wave, with fig-
ure 2(b) presenting the corresponding profiles for the
translational temperature components. The compo-
nents of translational temperature in coordinate direc-
tion “i” is defined as:

" —
T, = X (ci - CO,i)2

where m is the mass of a single particle, k is the
Boltzmann constant, ¢; represents the i-component of
velocity of a particle and c¢g; the corresponding com-
ponent of the hydrodynamic velocity. The over-bar
symbolizes the average taken over all particles in the
sample (i.e. the cell). The scalar translational temper-
ature is then the average of all three components:

T, = % (Tew+ Toy + 7o)

It can be seen in figure 2(b) that the different com-



ponents of translational temperature do not exactly
lie on top of each other inside the shock wave, as
expected. This shows the degree of translational
non-equilibrium locally present in the flow. The x-
component of translational temperature has a small
overshoot over the post-shock equilibrium value,
while the temperature components normal to the flow
direction (i.e. Ty, and T} ) lag behind. The flow then
“relaxes” to the post-shock equilibrium where all tem-
perature components take on the same value.

The degree of translational nonequilibrium at a
given position in the flow field can also be observed
as a departure from the local equilibrium velocity dis-
tribution function (i.e. Maxwell VDF) fj:

3/2
Jo (Cx, Cys CZ) - (27:12 T)

X exp [_Zle ((cx - u)2 + (c_\, - v)2 +(c; — w)z)]

Here, c,, ¢, and c; are the molecular velocities in
the x-, y- and z-directions respectively, with u, v and w
the corresponding average flow velocities. The shape
of the velocity distribution also depends on the mass
m of the molecules and the local temperature 7. If
the distribution is symmetric in the y- and z-directions
(as is the case for all 1D flows considered here), one
may integrate f; over these two velocity components
to obtain a “reduced” expression dependent only on
Cyt

D(c,) = [oo j_w Jo (cx, Cy, cz) deydc,

m \/2 m
_(27rkT) KPITo%T

Figure 2(c) shows these reduced velocity distribu-
tion functions for the x-components of molecular ve-
locity at three different locations in the flow. The lines
represent the VDF’s obtained from the simulation,
while the symbols show the theoretical Maxwell equi-
librium distribution functions at the pre-shock and
post-shock temperatures respectively. It can be seen
that they match up very well with the simulation re-
sults. A third curve (the long dashed line) shows the
VDF at a location “inside” the shock wave, approxi-
mately at the center of the shock, i.e. where the den-
sity is halfway between pre- and post-shock. It can be
seen that the VDF is somewhere “between” the two
equilibrium values. The location of the maximum of
the VDF curves on the velocity axis corresponds to the
hydrodynamic velocity at that particular location in

(cx — u)z]
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the flow. It can be seen that it shifts from its pre-shock
value of 500ms™' to the post-shock 280ms~'. The
temperature is related to the “width” of the distribu-
tion and this too shifts from a “narrow” curve at 300K,
pre-shock, to a “wider” one at the post-shock temper-
ature of 464.32K. Overall, at this Mach number the
degree of translational non-equilibrium in the flow is
fairly mild, and the distribution seems to remain near
equilibrium throughout the shock. This seems to be a
reason why Navier-Stokes equations are able to pro-
vide reasonably accurate solutions to the shock wave
problem at low supersonic Mach numbers.

The other extreme of the cases investigated is the
flow with an incoming Mach = 9. From the den-
sity profile in figure 3(a), one can immediately no-
tice that the density ratio (post- to pre-shock) is much
higher in this case. However, the density profile shape
does not appear to be very different from the one at
M = 1.55. The shock thickness is of the same order
of magnitude. The differences are more pronounced
when comparing the temperature profiles. In figure
3(b), the degree of translational non-equilibrium is ev-
ident, with T;x showing an overshoot of more than
2000 K over the post-shock equilibrium temperature.
The contrast with the low-speed case considered be-
fore is even more noticeable in figure 3(c). Now, the
pre- and post-shock temperatures differ widely from
one another (300K vs. 7856 K) and the velocity dis-
tribution behind the shock widens and flattens out
considerably as a result. At the center of the shock
wave, the velocity distribution is now far from the typ-
ical Maxwell form. It is almost a bimodal distribu-
tion, with one “maximum” in the curve located near
the pre-shock velocity and another closer to the post-
shock velocity.

Figures 4(a) and 4(b) show a comparison of the
density profiles obtained with the code with those re-
ported by Alsmeyer. In general, there appears to be
good agreement between the two sets of data. In these
plots, the density has been normalized:

r_ PP

P2~ pP1
where the number index refers to pre-shock (o))
and post-shock (p,) conditions respectively. The ab-
scissa has been normalized by use of the pre-shock
mean free path A;. This highlights an important point.
For the simple cases where non-reacting monoatomic
gases are used, normal shock wave profiles have a
general shape, only dependent on the Mach number.
If the previous normalization is used, the exact con-
ditions of pressure and temperature in the experiment




should not affect the shape of the profiles. Thus, it is
possible to match the results of experiments or simu-
lations obtained at different free-stream densities.

From the two figures, one can argue that there is a
good match between the experimental and DSMC re-
sults. It should be mentioned that the shape of shock
wave obtained with DSMC is very sensitive to the vis-
cosity model used and its dependence on temperature.
In DSMC, the standard is to have a viscosity law such
as:

T w
M (T) = Mref (m)

where s is the viscosity of the gas known at a
reference temperature Ty.¢. The exponent w takes on
values between 0.65 and 0.85 for most gases and is
obtained from fitting this simple expression to exper-
imental data. Depending on the temperature range of
the fit, it can vary substantially, even for the same gas.
In the simulations presented here, a value of w = 0.72
was used, which seems to give the best results for the
“high” temperatures encountered in the post-shock re-
gions. The value of w = 0.81 given by Bird in his
book [14] is intended for low temperatures (Tr = 273
K) and gives poor results in this case.

3.2. Self-diffusion coefficient of argon

In order to assess the behavior of the code when
handling several species in the same flow, a simple
test case was used. The details of the simulation pa-
rameters used can be found in section 12.5 of Bird’s
book [14]. Here, it is only important to mention that
the flow set up consists of the domain bounded by two
gas reservoirs. Both of these reservoirs are sources of
argon gas at zero mean velocity and at the same tem-
perature. The only difference between the two gases
is that in the simulation they are labeled as different
chemical species: “Argon blue” on the left and “Argon
red” on the right. Besides this artificial difference, the
molecules of both species behave exactly the same.
The goal of this set up is to simulate the self-diffusion
of argon and to determine the self-diffusion coefficient
Dy, from the results.

Figure 5(a) shows the species partial densities p;
of “Argon blue” and “Argon red”, as well as the to-
tal density along the domain length. As expected, the
concentration profiles are linear, with the highest con-
centration of each component near its “source”. Due
to the symmetry in the set up, at the center of the do-
main both components are present in exactly the same
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concentration. It can be seen that there is a small “con-
centration jump” at both boundaries for both compo-
nents, i.e. the fraction of “Argon blue” is not exactly
equal to 100 % at the left boundary and it does not
drop to exactly 0 % at the other end. This is a result
of the finite number of sampling cells used.

In figure 5(b) the diffusion velocities U; and U, are
plotted for “Argon blue” and “Argon red” respectively.

1311

The diffusion velocity of species “i” is defined as:

U; = u; — ug

with u; being the average over all particle velocities
of species “i” in the sample and uy the momentum-
average (i.e. hydrodynamic) velocity. The diffusion
velocity for each species is nearly zero in the region
where it is the main component of the mixture, but
increases substantially at the other extreme of the do-
main. Again, since both “species” have exactly the
same molecular properties, the picture is symmetric,
i.e. the magnitudes of the diffusion velocities are mir-
rored along the x-axis.

The diffusion coefficient in a binary mixture, with
concentration gradients in one dimension, can be de-
termined from the expression:

nmny dx
nz d(n/n)

where n; and n, are the number densities of “Ar-
gon blue” and “Argon red” respectively. Since both of
these “species” have exactly the same molecular prop-
erties, this is also the self-diffusion coeflicient Dy;.

As indicated in figure 5(c), the average self-
diffusion coefficient over the length of the domain is
2.89m?s~! (straight dashed line). This rather large
value is a consequence of the low density specified in
the simulation conditions. The diffusion coefficient is
directly dependent on the number density and, con-
verting it to standard conditions (i.e. 7 = 273 K and
p = 101325K) gives a value of 1.51 x 10m?s7!.
This is in fairly good agreement with the value of
1.55 x 10>m? s~! reported by Bird.

Dy = - (U - Uy)

3.3. Normal shock waves in nitrogen

After being able to simulate a normal shock in a
monoatomic gas such as argon, the next challenge is
to move towards adding internal modes of energy, as
is the case for molecular nitrogen. Before studying
an actual shock wave, the internal energy exchange
routines were tested in a single adiabatic cell (some-
times called a “OD” configuration). Unlike any of the
other simulations presented in this summary, this is



the only situation, in which the time-dependent evo-
Iution of the system is considered, meaning that all
samples taken at a given time step are instantaneous
and not time-averaged. This fact implies that instead
of the usual 10-20 particles per cell, now up to several
million particles need to be used in the cell, in order
to provide accurate enough statistics.

The simulation setup is fairly simple. All particles
in the cell are initialized with their translational and
internal energy distributions corresponding to differ-
ent temperatures, i.e. the translational, rotational and
vibrational temperatures are not the same at t = 0.
This, clearly is a situation of thermal non-equilibrium
and, given enough time, the intermolecular exchange
processes should force the gas to “relax” towards ther-
mal equilibrium, i.e. a common temperature: T; =
T. = T,. Thus, the first requirement is that all tem-
peratures reach a single value at some time long af-
ter the process has started, while conserving the sum
of energy contained in the translational and internal
modes. The second requirement is that this relaxation
process take place at the correct rate. This relaxation
rate is usually defined in terms of the characteristic
numbers for rotation and vibration (Z, and Z,) respec-
tively. These numbers are used both in DSMC and
in CFD codes to calculate local relaxation rates. It is
important that the numbers be defined in a mutually
consistent manner between DSMC and CFD. (This is
not always the case. In the early years of DSMC, the
definitions of Z, and Z, differed from those used in
continuum CFD at the same time. As a consequence,
the results would show poor correspondence between
each other. This issue was already addressed in two
papers by Haas [7] and Lumpkin [8]).

In figures 6(a) and 6(b), the time evolution of the
different temperatures is shown for two different ini-
tial conditions. In the first case, the initial translational
temperature was set equal to 2000 K, while the rota-
tional temperature was initialized at 300 K. At such
low temperatures, the vibrational mode is barely ex-
cited and therefore not considered. One can see in
figure 6(a) that the two curves representing transla-
tional and rotational temperature approach each other
over time, until they merge at around 7 = 2.5 X 1079 s.
After this time, the temperature in the cell remains at
1320 K, the expected equilibrium temperature. Along
with the lines representing the results of the DSMC
calculations, symbols show the same information, but
obtained with a Navier-Stokes code. The close corre-
spondence of both sets of results confirms the correct
implementation of the rotational collision number in
the DSMC code. A second simulation was conducted
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at a higher overall energy level, which now made the
inclusion of the vibrational mode necessary. Figure
6(b) shows the time evolution of a gas reservoir ini-
tially at 7t = 10000 K and 7; = Ty = 300 K. Again,
this simulation shows relaxation of all thermal modes
to the equilibrium temperature and a close match be-
tween the DSMC and Navier-Stokes results. The be-
havior is typical of rotation-translation and vibration-
translation relaxation processes in a gas, where the
rotational mode reaches equilibrium with the trans-
lational mode much faster than the vibrational mode
does. It should be mentioned that in all simulations
presented in this section, the collision numbers for
rotation and vibration have been set to constant val-
ues: Z, = 10, Z, = 120. It is known that in reality
these numbers show a temperature dependence, es-
pecially Z, can increase several orders of magnitude
for higher temperatures. Therefore, the results shown
here may not provide the correct relaxation times one
would observe in experiment. In order to achieve this,
the collision numbers must be calculated according to
the well-known empirical correlations by Parker [16],
Millikan & White [17] and Park [18]. Implementation
of these correlations into the code is still ongoing.

Figure 7(a) shows the normalized density profile
in a Mach 1.71 shock wave of molecular nitrogen.
Again, the density profile is compared with the ex-
perimental data given by Alsmeyer and the corre-
spondence is seen to be very good. In figure7(b),
the temperature profile is plotted. The solid line
represents the translational temperature, whereas the
dashed line shows the rotational temperature lagging
behind. Once again, the symbols represent results
obtained with a Navier-Stokes code. For this rela-
tively low Mach number of 1.71, the correspondence
between the DSMC and CFD results is very good.
However, this picture is expected to deteriorate for
higher Mach numbers, as the Navier-Stokes equations
are known to give inaccurate results for strong non-
equilibrium flows.
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(c) Velocity distribution functions (VDF) for the x-velocity
component.
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Figure 2: Macroscopic flow parameters and Velocity distribution
functions for a normal shock wave in Argon, at Mach = 1.55
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4. Conclusions and Future work

Some selected results obtained during the last year
with a newly written DSMC code have been pre-
sented. The main elements of the code are function-
ing and it is possible to obtain accurate results with it
for a number of test cases. Specifically, steady flow
with a high degree of translational non-equilibrium,
as in normal shock waves with monoatomic gases
can be simulated. The treatment of internal en-
ergy exchange processes, present in all polyatomic
gases, such as rotational-translational and vibrational-
translational relaxation has been implemented using
the standard model of DSMC [13].

However, work on the conventional models for in-
ternal energy exchange and especially for chemical re-
actions has not yet been completed. The inclusion of
temperature-dependent rotational and vibrational col-
lision numbers Z, and Z,, based on the empirical cor-
relations of Parker, Millikan & White and Park has
been implemented, but not yet thoroughly tested. The
implementation of the TCE method for chemical reac-
tions has yet to be started. Another topic, which will
become relevant in reacting multi-species flows is the
use of species-specific weighting factors. Instead of
having a global value for the ratio of real to simulated
particles Fnym, Weighting factors result in individual
Fnum’s for each component of the mixture. The in-
clusion of this feature should improve the treatment
of trace species in the flow, which might often not be
accounted for, due to the limited number of particles
used.

So far, the computational performance of the code
has been of secondary importance. The problems con-
sidered until now were rather manageable in terms of
CPU run-time and memory usage, such that a serial
implementation provided enough performance. How-
ever, it has been recognized, that as the problem size
grows (specifically, the number of particles needed),
significant improvements in speed and code efficiency
have to be realized. This includes optimization of the
code, as well as adding parallel processing capabili-
ties. This work is underway.

Finally, it is important to mention that the main
reason for the development of the code is still its fu-
ture use with novel models for inelastic collision pro-
cesses. In the future, the aim is to improve the ex-
isting models in DSMC for rotational and vibrational
exchange by using a reduced model developed from a
detailed chemical mechanism based on rovibrational
cross sections for reactions in nitrogen. These models
will be based on the cross sections for the N, + N sys-

© von Karman Institute for Fluid Dynamics

tem obtained from detailed quantum mechanical cal-
culations obtained at NASA Ames Research Center.
The N, + N system consists of approximately 10000
rovibrational levels and its implementation in DSMC,
even for simple types of flows, becomes a challenge,
due to the large number of particles needed for pop-
ulating the possible states in a realistic fashion. Con-
sequently, our efforts will be directed towards devel-
oping a model for lumping together energy states ly-
ing close to one another and thus reducing the total
number of levels required. A similar effort is already
underway in developing such reduced models for con-
tinuum CFD solvers [19]. The final goal will be again
to compare simulations between consistent CFD and
DSMC models.
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Abstract

Spacecraft, returning back to Earth, experience a very harsh environment during the re-entry. One of the major
issues of the re-entry is the extreme aerodynamic heating and the exothermic chemical reactions due to the gas-
surface interaction at hypersonic free stream velocities. There is a constant effort by the space agencies to increase
the understanding of the re-entry flight dynamics to optimize the spacecraft design. The re-entry phenomena are
investigated using three powerful tools with their advantages and inconveniences: flight tests, numerical simula-
tions and ground testing. The most valuable among all is the real flight testing however they come with very high
costs and they have to be designed with ground tests. Different from low speed aerodynamics, high enthalpy flows
cannot be fully simulated on ground but only partial simulations are possible. The approach at VKI is the Local
Heat Transfer Simulation (LHTS) which says that the stagnation region behind the shock can be simulated only if
the total pressure and the boundary layer edge enthalpy and velocity gradient are reproduced.

The first part of this study is to develop methods the Plasmatron flow characteristics eventually to make sure
the boundary layer edge and velocity gradient are kept. Two methods are initially proposed: free stream tempera-
ture measurement by emission spectroscopy and direct enthalpy measurement. Subsequently an Aerothermody-
namic Database will be built and an envelope, where the mission trajectory will later be imposed, will be defined
to develop Gas-Surface Interaction models for further design steps. The last step is then called Flight Extrapo-
lation where the ground test conditions are pinpointed to the mission flight trajectory. The reference mission of
this study is VKI's QARMAN (QubeSat for Aerothermodynamic Research and Measurements on Ablation) in
the framework of QBS50. Different from the rest of the QB50 satellites, the Re-Entry CubeSat is a double Cube-
Sat, with an extra ablative thermal protection system (TPS) unit, resulting in the external dimensions of a triple
CubeSat.

The major scientific return of QARMAN project is the contribution of flight data on an Earth re-entry trajectory
by a very low cost mission compared to other similar missions such as ARD, EXPERT, IXV, etc. The re-entry
conditions of QARMAN are representative of a real spacecraft re-entry (starting altitude of 120 km, V=7.5 km/s
and ¢ > 2MW/m?). It is the first time that such a low-resource vehicle will be used for re-entry studies.

Several important issues at different phases of the re-entry flight are the starting points of the scientific questions
that will be answered through the PhD study. The phenomena under consideration are: Aerothermodynamic
environment, thermal protection system, gas-surface interaction (mainly ablation), telecommunications blackout,
different stability regimes, turbulence effects, radiation, rarefied flow aerodynamics, atmospheric effects, stability,
attitude control and controlled re-entry, disintegration, subsystem functionality and safety aspects. Using the
ground testing methodology developed in the first part, it is aimed to investigate how those phenomena can be
measured during the flight on such a constraining platform. The goal is propose eventually a flight qualified
payload for in-flight experiment.
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1. Motivation & Objectives

In the framework of the QB50 project a network of
50 CubeSats will be launched to perform in-situ mea-
surements of the spatial and temporal variation of at-
mospheric properties in the lower thermosphere at an
altitude of 350 km to 150 km [1]. The project will
demonstrate the possibility of using the small satel-
lites as efficient and low-cost technology demonstra-
tors. QB50 will be the first simultaneously launched
CubeSat network and helps in gaining a better under-
standing of such complex missions.

The choice for conducting measurements in the
lower thermosphere is influenced by several factors
and constraints. The atmospheric properties in this
region and their relationship to Earth’s climate and
space-weather like sun storms are yet not well known.
This leads to larger uncertainties in lifetime and tra-
jectory simulations, which the recently uncontrolled
re-entries of UARS, Rosat or Phobos-Grunt have
shown. Another influence factor is the mitigation of
space debri creation and fulfillment of the 25 year
lifetime requirement. The performance envelope
of the chosen launch vehicle Shtil-1.2, which shall
provide sustained and low-cost access to Earth orbit,
restricts the reachable maximum altitude and a
trade-off between number of satellites and altitude
has to be performed.

The PhD main tasks will be the assessment of the

atmospheric and aerodynamic input data, the mission
design for QB50 with focus on the orbital dynamics
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of the network of 50 CubeSats and finally analyzing
of concepts for deorbiting of satellites.

The first task deals with the aerodynamic charac-
terization of the CubeSats. The flow-field around the
satellite will be obtained with DSCM simulations us-
ing the software RGDAS. A database with the aerody-
namic coeflicient for different altitudes, attitudes and
configurations will be generated. For the simulations
a proper knowledge of the atmospheric conditions is
mandatory. Therefore a detailed analysis of different
existing atmospheric models will be made to assess
the variations in the density distribution and the com-
position. Since the properties in the lower thermo-
sphere are not well known, the uncertainty quantifica-
tion is an important factor for the latter mission de-
sign.

The mission design of QB50 will be challenging
and include several points to be looked at. First the
development of an suitable deployment strategy for
the 50 CubeSats is mandatory to reduce the collision
risk to a minimum. The deployment also effects the
spreading and therefore the global distribution of the
satellites. This will be analyzed to obtain a suitable
strategy and spreading for the distributed measure-
ments in the thermosphere. Simultaneously 6 degree
of freedom simulations of the 50 CubeSats will be per-
formed using the software STK! or ASTOS? to obtain
the trajectories and the behavior of the network. The

ISatellite Tool Kit, Analytical Graphics, Inc.
2 AeroSpace Trajectory Optimization Software, Astos Solutions
GmbH



network will be analyzed in terms of necessary num-
ber of satellites for global measurements. The results
from the previous studies of the atmosphere and aero-
dynamics of the CubeSats will be used to predict the
orbital life-time. The communication with the ground
stations will be investigated in terms of coverage and
communication time. A study of the collision risk
with other satellites or debris could be performed.

The third task of the PhD deals with the effect of
deorbiting concepts on the trajectory. These concepts
like sails, fins or tethers are experiencing increasing
popularity. DSMC simulations for different concepts
and types mounted on a CubeSat demonstrator should
be performed. In addition to that, 6 degree of free-
dom trajectory calculations will be performed to in-
vestigate their efficiency and effects on lifetime.

If the CubeSats will be launched in time during this
PhD, the obtained measurements and trajectories will
be analyzed and compared with the results from the
atmospheric study and the mission design. This will
help to further improve the atmospheric models for the
lower thermosphere.

2. Challenges & Uncertainties

The challenge in the mission design of QB50 con-
sists of the large number of parameters, the intercon-
nection between them and their associated uncertain-
ties. The proper prediction of the sun’s activity for the
launch time is difficult and only a crude statement ac-
cording to the 11 year solar cycle can be made. Strong
sun eruptions which are quite common during high
activity periods can easily affect the lifetime of the
CubeSats. Since the atmospheric models are based on
the solar fluxes, the errors and uncertainties coming
from the models will be amplified. Comparing differ-
ent models, even with similar input, lead to discrepan-
cies in terms of density values and global distribution.
The inaccuracy for the density is still around 10 % to
15 % [2], even with the models improving over the
last few years due to measurements obtained by the
GRACE and CHAMP mission [3].

Since each CubeSat will be designed by a differ-
ent university and the scientific payload will differ
in terms of weight, size and external parts like addi-
tional sensors and communications links, the ballis-
tic coefficient can not be assumed to be equal. The
coefficient is also influenced by the satellite attitude
and, most probably not all CubeSats will be perfectly
aligned to the free-stream velocity direction. This re-
sults in varying atmospheric drag forces which have
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Figure 1: 10.7cm radio flux with prediction

to be considered during the mission planing and espe-
cially for the deployment strategy.

3. Comparison of atmospheric models

Currently the two experimental models JB2008 and
NRLMSISEOQO and the physical model TIEGCM have
been analyzed. The launch of QBS50 is scheduled
for the summer 2014 and the input values have been
chosen according to the prediction for this date, e.g.
shown in Fig. 1. The deviation of the prediction
has been coupled with the 1 o standard deviation of
a comparable situation in the past.
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Figure 2: Density from US76 with obtained uncertainty

For the comparison all input parameters have been
varied by the obtained deviations to simulate all real-
istic combinations. A horizontal grid resolution of 5°
and vertical resolution of 5 km have been used. The
mean, maximum, minimum and the values of the day-
light and night side of the earth have been calculated
for each horizontal layer and then afterwards com-
pared to the U.S. Standard Atmosphere US76. Com-
bining the results of all models a possible uncertainty



can be obtained for the density, shown in Fig. 2, or
other values like neutral temperature.
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Abstract

This report briefly outlines the proposed research of developing numerical methods for the coupling of fluid flow,
radiation, and ablation physics surrounding planetary entry vehicles.
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1. Introduction and Motivation

Space exploration is one of the boldest and most
exciting endeavors that humanity has undertaken, and
it holds enormous promise for the future. After the
successful manned missions to the Moon and many
probe entries in the atmospheres of our outer planets,
our next challenges for spatial conquest include bring-
ing back samples to Earth by means of robotic mis-
sions and continued manned exploration, which aims
at sending human beings to Mars and returning them
safely home.

Of the many design challenges associated with
these goals is the exceptionally difficult task of ac-
curately predicting the heat-flux to the surface of the
spacecraft thermal protection system (TPS) during
planetary entry. An inaccurate prediction can be fa-
tal for the crew or the success of robotic missions.
Large safety factors are often added to vehicle TPS
thicknesses to avoid such catastrophes at the expense
of additional cost, weight, and reduced payload mar-
gins. Thus it is necessarily important to understand
and accurately model the complex phenomena that af-
fect the surface heat-flux such as the following poten-
tial “mission killers:” 1) Radiation of the plasma in the
shock layer, and 2) Complex surface chemistry on the
thermal protection system material (Fig. 1). However,
current entry vehicle design paradigms largely decou-
ple many of the physico-chemical processes due to nu-
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merical and modeling constraints, making it difficult
to infer from current design tools the complex, cou-
pled phenomena occurring for any given entry prob-
lem. Thus, our poor understanding of the coupled
mechanisms of flow, radiation, and ablation leads to
the difficulties in flux prediction.

Mars Entry Vehicle

Bow shock —,
Flow saparation

Benasny. -~ — Shear layer
layer
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Figure 1: Diagram depicting physical phenomena surrounding a
spacecraft during a Martian atmospheric entry. Credit: NASA Hy-
personics Project [1]

2. Research Objectives

The AEROSPACEPHYS project is focused on im-
proving our predictive capabilities by “Integrating



new advanced physico-chemical models and compu-
tational methods, based on a multidisciplinary ap-
proach developed together with physicists, chemists,
and applied mathmaticians, to create a top-notch mul-
tiphysics and multiscale numerical platform for simu-
lations of planetary atmosphere entries, crucial to the
new challenges of the manned space exploration pro-
gram. Experimental data will also be used for valida-
tion, following state-of-the-art uncertainty quantifica-
tion methods.” The proposed research project, aimed
at developing a complete multiphysics tool which
fully couples flow, radiation, and ablation models, will
be an integral component of the overall objectives of
the AEROSPACEPHYS project.

Currently, other researchers are working on state-
of-the-art modeling capabilities for the various de-
coupled systems necessary for the accurate descrip-
tion of the flow physics associated with hyper-
sonic flight [2]. These include the development
of advanced collisional-radiative models for thermo-
chemical nonequilibrium and radiation modeling via
strong collaboration with the computational chemistry
group at NASA Ames Research Center (ARC) [3;
4; 5], improved carbon-phenolic ablation models
through Direct Simulation Monte Carlo methods [6],
accurate and efficient modeling of atmospheric entry
plasmas in the transition and continuum regimes, as
well as a previously developed state-of-the-art treat-
ment of transport properties for ionized plasmas [7; 8].
In addition to these advanced modeling efforts, an ex-
perimental investigation of various thermal protection
materials is also under way with the use of the VKI
Plasmatron facility [9; 10]. The next step in develop-
ing a complete multiphysics tool for studying hyper-
sonic entries will be to couple these efforts, including
contributions from outside VKI such as a new ablation
code from NASA ARC (PATO [11]), into a compre-
hensive, 3-dimensional, multiphysics code which cou-
ples the various models being developed into a com-
plete flow/radiation/ablation tool.

The development of this multiphysics framework
will be completed through a series of important mile-
stones during the research project at VKI. During
the first phase, the Mutation library, which provides
chemistry, transport, and equilibrium computations
for ionized plasmas, will be upgraded to use C++ and
incorporate improved algorithms and models for the
transport and equilibrium calculations. The improved
library will be designated Mutation++. Additionally,
during the first phase of development, a 3-dimensional
hypersonics CFD code will be implemented with the
use of the OpENFOAM library. OpENFOAM is a natu-
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ral choice because it offers extensive features to aid
the development of a hypersonics solver including
grid/mesh data structures, built-in parallel framework,
and linear algebra routines. The flow solver will also
make extensive use of MutatioNn++. Following this
work, the task of coupling radiation into the flow
solver will be completed alongside a detailed devel-
opment of a general multiphysics framework for hy-
personic problems. Next an ablation tool being devel-
oped by NASA ARC will be additionally coupled to
the flow/radiation solver, finally allowing the compu-
tation of a fully coupled flow/radiation/ablation simu-
lation.

Apart from improved simulation fidelity provided
by the implementation of various physico-chemical
models developed in the Aeronautics and Aerospace
Department, the new multiphysics tool will finally al-
low a detailed study of the various coupled phenom-
ena that have been largely overlooked due to lack
of existing computational models. These include the
coupled relationships between shock layer radiation
and absorption by pyrolysis and ablation products in
the boundary layer and gas-surface interactions and
in-depth ablation due to boundary layer chemistry.
The final goal of this research will be to study these ef-
fects as they pertain to specific experimental and flight
test situations such as plasmatron simulations and
post-flight analysis of the EXPERT mission (Fig. 2).
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3. Mutation++

As mentioned in Section 2, the first task in de-
veloping a complete multiphysics tool will be to up-
date the Murtartion library to a modern, object ori-
ented library written in C++4 which can be coupled
to new or existing CFD tools. This effort is in fact



already underway. The MuTation library provides
multicomponent transport and thermodynamic prop-
erties/chemistry for ionized plasmas.

Murtation++ will incorporate all of the same fea-
tures as its predecessor, however a number of algo-
rithmic changes will be made to improve the library’s
robustness and performance. In particular, the equilib-
rium composition solver in MuTatION can fail for some
mixtures and thermodynamic states for which the non-
linear set of equations to be solved becomes numeri-
cally stiff. Such conditions have been encountered in
certain pyrolysis gas mixtures making it impossible
to solve some boundary layer problems with ablation
and pyrolysis species. MutaTioN currently employees
the Newton-Raphson iterative procedure to solve the
set of equilibrium equations with the fast Schur com-
plement method for the linear update. This algorithm
has proven to be very fast, however it does not handle
numerical stiffness well. MutatioNn++ will instead im-
plement a method known as the Gibbs function con-
tinuation (GFC) method developed by Pope [12; 13],
which is guaranteed to find the equilibrium composi-
tion for all well posed problems regardless of the nu-
merical stiffness of the mixture.

To help increase the performance of the Murta-
TION++ over its predecessor, specialized lookup tables
will be incorporated for the calculation of expensive
model parameters such as Arrhenius rates laws, equi-
librium constants, collision integrals, etc. This lookup
table feature has already been incorporated into the
Murtarion++ library and can compute lookup tables
at start-up given a function and desired accuracy (er-
ror tolerance) or can be loaded from precomputed ta-
bles. More testing is still required to determine the ex-
act speedup generated by using such lookup tables but
initial tests with randomly generated functions shows
that an order of magnitude decrease in computational
time can be achieved for some model parameter cal-
culations.

Additional features will also be added in MuTa-
TIoN++ which will enable coupling to implicit CFD
solvers such as the calculation of the species produc-
tion rate Jacobian matrix for finite-rate chemistry.

4. Concluding Remarks

The focus of this research will be to develop state-
of-the-art numerical methods that allow the coupling
of fluid flow, radiation, and ablation modeling for
planetary entry simulations that is computationally
competitive with current uncoupled methodologies.
To this extent, the basic ground work has been laid
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through planning and collaboration internal to VKI
and abroad. However, this research is still in the pre-
liminary phases, leaving much work left to be com-
pleted.
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Abstract

This PhD research aims to extend the VKI optimization system towards gradient-based algorithms to be utilized
on turbomachinery components. Due to the industrial applicability, a CAD based parameterization will be used.
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Over one decade of research has been conducted
at the von Karman Institute (VKI) to develop a fully
automatic multidisciplinary and multi-objective opti-
mization system with focus on turbomachinery com-
ponents (e.g. [1],[2],[3].[4],[5]). Evolutionary algo-
rithms (EA), based on mechanisms found in nature
according to the Darwinian theory such as mutation,
crossover, and selection are used to find designs with
minimal objective values ([6][7]). EA’s have certain
advantages [6] as they can handle non-differentiable,
nonlinear, and multi-modal objective functions. These
features make EA’s particularly suitable to explore the
complete design space without the risk of becoming
trapped in a local minimum.

However, once the region of the global optimum
within the design space is identified (see Fig. 1)
AIAKLA A DS AL, DEROMS AREASH S e HiRE-
tion [8]. Moreover gradient-based methods provide
the sensitivity of the gradients, i.e. the direction in
which parameters need to be relocated to minimize
the objective values. This is an important feed-back
in the overall design process of turbomachinery com-
ponents.

Regarding the terminology of CAD-based and
CAD-free parameterization, a clear distinction is nec-
essary. CAD-based parameterization refers to curves
and surfaces defined by Bézier and B-Spline curves
and surfaces [9], respectively. In CAD-free param-
eterization, surfaces are represented by the nodes of
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the surface mesh of the body. According to Fudge et
al. [10] the CAD-free approach is intended for aca-
demic studies of relatively simple geometries, while
the CAD-based system is suitable for geometries that
are more complex and for industrial use. The CAD-
based approach has certain advantages, e.g. it guaran-
tees G2 continuity of the curves and surfaces and al-
lows to use engineering parameters like lean, sweep,
and stagger angle [11]. The main disadvantage is the
inaccessibility of the source code of commercial CAD
systems to compute the gradients. However, in recent
years, great efforts were made to develop an in-house
CAD system at VKI [12], hence being fully differen-
tiable.

The main objective of this PhD research is to im-

»
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Region applicable for
gradient-based methods
R EE———

Objective function OF(x)

Design space of x

\

Design parameter x

Figure 1: Feasible region of gradient-based methods for a single-
objective function



plement gradient-based algorithms in the VKI opti-
mization system based on CAD parameterization and
to investigate the possible improvement as compared
to evolutionary algorithms when applied to turboma-
chinery components. Computing the gradient of the
objective function with respect to the design variables
is an active field of research. Hence, many methods
exist, e.g. the adjoint approach or automatic differen-
tiation (AD). The feasibility of these methods will be
assessed within the scope of this project and the most
promising will be realized.
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Abstract

The von Karman Institute for fluid dynamics is aiming to develop and launch a re-entry vehicle by June 2015.
Based on the CubeSat standard, with a highly constraining form factor (34x10x10cm), the vehicle will be devel-
oped in the frame of the PhD thesis and will represents a low-cost approach for the study of ablation and radiation

in the harsh aerothermodynamics environment.

Keywords: re-entry, CubeSat, ablation, radiation, de-orbitation

1. Introduction

In the frame of the QB50 project led by the von
Karman Institute for Fluid Dynamics (VKI) the paper
exposes the preliminary results of the PhD thesis for
the development of a re-entry CubeSat. More detailed
data could be found in Bailet et al. (2011). The sci-
entific objective of the QB50 project is to study the
temporal and spatial variations of a number of key
constituents and parameters in the lower thermosphere
(50-320 km) with an international network of 50 dou-
ble CubeSats (Fig. 1), miniaturized satellites weigh-
ing 2 kg in a 20x10x10 cm3 volume. The 50 Cube-
Sats in a circular orbit will be separated by a few hun-
dred kilometers and will carry identical sensors that
will perform in-situ, long duration (~3 months) and
multi- point measurements. QB50 will also study the
re-entry process by measuring a number of key pa-
rameters during the re-entry process with the vehicle
presented in this paper.

2. Re-entry CubeSat concept

A low cost nano-size re-entry spacecraft for in-situ
measurements and in-orbit demonstration will permit
huge opportunities for independent research institu-
tions and industries to test materials or subsystems in
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Figure 1: Artistic impression of few double-unit CubeSats of the
QB50 constellation

real flight conditions as it is not fully duplicable on
ground. A very attractive part of such a mission is
to provide an affordable low cost platform to validate
ground testing and numerical simulations that are de-
signed to understand the scientific background of the
atmospheric re-entry of spacecraft.

The main difference between the proposed re-entry
CubeSat platform and the 49 other QB50 CubeSats
of the program is the need of an extra unit for the
thermal protection system (TPS) to deal with the re-



entry constraints. Such CubeSat standard, a 3-Unit
(3U) CubeSat, imposes a platform that does not ex-
ceed 34x10x10 cm in shape and 3 kg in mass. The
challenging part of the re-entry is located below 120
km of altitude. The first step of the study has focused
on a target minimum altitude expected between 50
and 70 km. A low altitude target is a challenge, be-
cause for every other re-entry vehicle, the payload is
designed first and then the external shape of the space-
craft is defined such that it covers the integrity of the
payload and permits a defined mission scenario to be
executed. A major mission-constraint is to enforce the
destruction of the vehicle before it reaches the ground
thus avoiding any problem of collision with ground
assets.

3. Feasibility analysis and conceptual design

After a shape definition by means of multi-criteria
optimization (Bailet et al., 2011), it clearly appeared
that the thermal protection system is one of the most
crucial subsystems. Two different parts can be distin-
guished, the heat shield (first third of the vehicle) and
the side panels. The heat shield part has been shown to
be realistically feasible, through plasmatron tests and
thermal response simulations. The Cork P50 has been
chosen as TPS for its high thermal resistance capa-
bility and its affordability and availability. It appears
in the second part that the thermal limitations would
come from the side panels. In fact, the side panels
in the standard concept (1.5 mm thick of aluminum)
are not suitable at all to reach the most interesting part
of the trajectory and should be two times and half the
original size for an increased thermal protection of the
sub-systems. This option is not desirable at all and a
composite panel with the adjunction of a Nextel in-
sulation layer has been selected as appropriate for the
mass/volume budget and the thermal viability of the
vehicle during the re-entry.

The proposed spacecraft design permits to carry
out the experiment in-flight as expected. To provide
these data as exploitable, the necessity to recover them
without loss and with a suitable data rate according to
the experiment sampling is needed. It has been shown
that the most feasible system is to transmit the data
up to the LEO/MEOQO orbit and then transmit it down
to the ground stations. This methodology permits to
avoid the re-entry black out and so have scientific re-
turn during the most interesting part of the trajectory
hardly accessible otherwise. The choice of the sci-
entific experiments in accordance with the available
mass/volume capacity will permit in future studies to
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size the communication system in more details as ap-
plying new constrains on the power budget.

An adequate power budget is needed to avoid any
incertitude in the orbital dynamic calculations. Actu-
ally, the re-entry will be extremely demanding for the
power supply system. In only 10 minutes all flight ex-
periments and subsystems of the vehicle will work in
full regime and the antenna will need lots of energy
to transmit the signal with an efficient gain. The next
table presents the power budget with margins required
to perform the experiments and transmit the data. A
security margin equal to two is applied to the payload
and the amplifier power budget to ensure that the de-
signed equipment will be within this power consump-
tion. The Communication system uses the HISPICO
patch antenna (5 W) and the Iridium transceiver (j1
W) to be the interface between the data acquisition
system and the satellite relay communication system.
A synthesis of the power budget is presented hereafter
in Table 1.

Table 1: Power budget of the nano-size re-entry vehicle

Subsystem Power needed
including margins
w
Functional unit (Avionic) 2
Telecommunication system 2
Payload + amplifier 6
Total 10

The available batteries are able to bring 10 Whr for
each with a maximum of 30 Whr with three stack-
able batteries. The lifetime of the vehicle between 120
km (re-entry interface) and 50 km (targeted altitude)
is 600 seconds but the power system have to be con-
ceive in the optic to provide energy as soon as the solar
panels stop their jobs. In the worst case, the Vehicle
will have to spend a half of orbit before the re-entry
(20 000 km at an altitude superior at 120 km) in the
shadow of the earth and so the batteries should sus-
tain the power supplement of the vehicle during this
time estimate at 45 minutes. In reality, at an altitude
above 120 km and so during this time, all subsystems
will not be used. Actually, only the subsystems of the
functional unit will consume some power and then,
the real power budget will be lower. The most crit-
ical case (55 minutes of flight on the batteries) will
consume 10 W of power. Considering this case, the
power supply should have a capacity of at least 9 Whr.
A single battery is at the limit of the needed power.



By adding a security margin, two batteries will
be sufficient to perform the minimal experiments re-
quired and furnish 12.2 W of supplementary power
for more demanding experiments. In the aim to add
supplementary payloads a third battery (maximum a
stackable batteries) could be needed to reach the limit
of 33.3 W in total.

4. Conclusion

The feasibility study has shown the multi-
disciplinary complexity of a nano-scale re-entry
CubeSat and the necessity for each sub-system to be
considered in a mass/volume optimization point of
view, for the purpose of respecting the 3-unit CubeSat
standard (3kg total weight limit and 3000cm3). Al-
though the methodologies and results presented in this
study have their limitations in both physical modeling
and accuracy, the first approach permits to draw up the
mass budget of the mission (Table 2).

All the work performed has been compiled to give
the mass and power budgets for the vehicle and so
demonstrate the interesting and feasibility of the pro-
posed platform with a payload mass of minimum
0.612 kg. The mass available, associated to the pay-
load mass, and the extra margins permits to be confi-
dent on the expected scientific return. Future studies
within the PhD will permit to select the payloads ac-
cording to the scientific objectives (ablation and radi-
ation) through aerothermodynamics and line of sight
simulations. The work presented in this paper has
identified and treated the different critical challenges

Table 2: Mass budget of the nano-size re-entry vehicle

of the re-entry mission including the system view on
the vehicle.

From the feasibility analysis to the final conceptual
design every aspect of the mission have been covered
and analyzed. The result of the study is promising
for both system view and potential scientific return.
For illustration purpose, Fig. 2 shows the proposed
configuration for the re-entry CubeSat with external
and internal composition.
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Figure 2: Re-entry CubeSat configuration external view (left) and
internal view (right)
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The nano-scale reentry vehicle remains an extraor-
dinary opportunity for science and engineering in
terms of in-situ experiment and in-flight demonstra-
tion capabilities and should be consider as the future
low cost platform for in-flight experimentations.

Subsystem Mass Margins Mass
including margins
kg % kg
Heat shield 0.317 20 0.380
Functional unit 1008 0
(Avionic, Structure, +0.036 (nose support) 30
Side panels, +0.173(Nextel blanket) 10 1.248
(Telecommunication +0.03 (transceiver) 10
system
Deorbiting system 0.400 30 520
Stability system 0.200 20 240
Total 1.937 - 2.388
Payload 0.612-1.063
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Abstract

We propose to develop physical modelsd numerical methods for an accurate description of nonequilibrium

physico-chemical phenomena in aerothermodynamics flows. Applications in aerospace range from space vehicle
heat shield design to interpretation of experimental diagnostic measurements in high enthalpy facilities. In this

work, we focus on the development of reduced collisional models for continuum nonequilibrium flows.

Keywords: Aerothermodynamics, Nonequilibrium, Collisional models, Coarse grain models, Finite volume
method.

1. Introduction converted into thermal energy, leading to a steep tem-
) o perature increase. The combined effects of pressure
_ Understanding nonequilibrium phenomena occur- anq temperature lead to higher values of collision fre-
ring in aerothermodynamic flowgsuch as the one  guencies between atoms and molecules and to more
around a spacecraft entering a planetary atmosphere)gnergetic collisions. These cause excitation of inter-
is of fundamental importance for many applications. 5 energy degrees of freedom and, if the collisions
Typical examples, taken from the aerospace domain, 4re energetic enough, breaking of chemical bonds can
are the design of heat shields for space vehicles andqccyr (molecular dissociation). If the entry speed is
interpretation of experiments carried out in high en- high enough ionization may also occur, and the gas
thalpy wind tunnels. Nonequilibrium phenomena are pecomes a partially ionized plasma where the pres-

also present in industrial processes making use of gnce of radiative transitions must be taken into ac-
lasers, discharges and plasma torches. Progressegg nt

made in developing physical models and computa-
tional methods for aerospace applications, on which  The description of these flows is extremely com-
we focus here, could also be used in other areas (suchplicated because all collisional processes need a finite
as plasma enhanced combustion and electric propul-time to occur. If this time is very small compared to
sion) where the occurrence of nonequilibrium must be some macroscopic characteristic time scale (such as
taken into account as well. the time needed for a fluid particle to pass across a
Before proceeding further, it is necessary to de- shock wave or through the boundary layer), the flow
fine nonequilibrium in aerospace applications. This is in thermochemical equilibrium as it can immedi-
concept can be introduced by recalling what occurs ately adapt to the varying conditions of pressure and
around a spacecraft entering a planetary atmospheretemperature without any lag. If the inverse situation
at hypersonic speeds. A strong bow shock is formed occurs, the flow is said to be frozen. The intermediate
in front of the vehicle. The flow experiences a sud- situation, where a finite lag exists, is that of nonequi-
den compression. Pressure increases and, at the samibrium flows. In this case, a correct description of the
time, most of the flow macroscopic kinetic energy is flowfield can be achieved only if the finite rate nature
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of collisional processes is taken into account in the an equation in a high dimensional space (the phase
flow governing equations. space) and the complicated mathematical structure of
The starting point fothe description of nonequi- the elastic and inelastic collision operators. On the
librium flows are the Navier-Stokes equations, where other hand, deterministic methods based on discrete
nonequilibrium effects can be taken into account by velocity models|[18] or on a spectral representation of
means of multi-temperature or collisional models [1; the collision operator [19; 20] are gaining more and
2]. Multi-temperature are based on Boltzmann distri- more popularity and have started to be used also for
butions of the internal energy levels at distinct tem- multi-dimensional flows [21].
peratures and are valid only in case of small departure  We conclude this introduction by mentioning that
from equilibrium [3]. However, they are widely used nonequilibrium and rarefied gas effects are also
outside of their range of validity because of the lack of present in recombining flows such as those occurring
more accurate physical models, their easy implemen- in nozzles. The latter are adopted in high enthalpy
tation and their reasonable computational cost for 3D wind tunnels where understanding nonequilibrium is
simulations. of crucial importance for a correct interpretation of
State-to-state or collisional models [4;|5;16;.7; 8; experimental measurements.
9; 110] treat each energy level as a separate pseudo-
species. This approach provides more flexibility and
accuracy, since effects of non-Boltzmann distributions

are accounted for. However, a very large number of 4 the present doctoral period, it was decided to

processes have to be considered and, for each one, rat@ncentrate our research activity on the following top-
coeflicient values have to be obtained. Also, the num- ics:

ber of equations to be solved rapidly increases with

the number of internal energy levels. Applications of e Development of reduced (coarse grain) colli-

2. Motivation

collisional models to 2D problems have become fea- sional models for CFD applications. This activ-
sible as shown in [11; 12; 13]. ity will be performed within an innovative con-

A further complication in the study of nonequi- text at the interface between computational quan-
librium flows comes from the presence of rarefied tum chemistry and computational fluid dynam-
gas effects [14]. These occur in flow regions (such ics.

as bow shocks and wakes) where the macroscopic

spatial scales becomes of the same order of the lo-

cal mean free path (average distance traveled by

atoms/molecules between successive collisions). The

main consequence of that is the failure of the Navier-

Stokes equations where the shear stress tensor and

heat flux vector are given by the Newton and Fourier

laws (as it can be shown by means of the Kinetic In this paper, the first topic is studied.

theory of gases [15; 16]), respectively. If an ac-

curate description of rarefied gas effects is wished,

one should move towards numerical solutions of the 3. QCT-based coar se grain modelsfor dissociation

Boltzmann equation for dilute gases. This equation  and internal energy excitation

expresses a balance in the phase space (velocity and

position) for the species velocity distribution function 3-1- The NASA Ames database

and has a wider range of applications than the Navier- The development of coarse grain models for con-

Stokes equatioﬁs Stochastic numerical solutions of tinuum nonequilibrium flows is based on the+\N,

the Boltzmann equation can be obtained by means system database recently developed by the Computa-

of DSMC (Direct-Simulation-Monte-Carlo) methods tional Quantum Chemistry group at NASA Ames Re-

[17], the main reasons being (when aiming at a deter- search Center [4; 22| 5]. The NASA Ames database

ministic numerical solution) the necessity of solving comprises 9390 (\) rovibrational levels for the elec-

tronic ground-state of nitrogen, where indestands

1The Navier-Stokes equations are atfssder perturbation so- for the vibrational quantum number, and indéxhe

lution to the Boltzmann equation as obtained independently by s. fotational quantum number. These levels can also be

Chapman and D. Enskadg [15]. denoted by means of a global indesorting them by

e Development of computational methods for the
numerical solution of the Boltzmann equation
with chemical reactions and internal energy ex-
citation. Applications will focus on flows out of
the range of applicability of the Navier-Stokes
equations (such as shock waves).

© von Karman Institute for Fluid Dynamics



increasing value of energy. The relation betweeni the
and (v,J) notations is expressed as:

i=i(v,d),v=0,...,Vmax J=0,...,Idmax(V) (1)

Conversely, the relation between theJyvandi nota-
tions is given by the relations:

J=J(). @)

where bp is the set of global indices for the nitrogen
energy levels. Most of these levels are truly bound,

v = v(i), i €lgp

3.2.1. Vibrational Collisional (VC) model

The development of a new Vibrational Collisional
(VC) model for the N+ N, system is the first step of
coarse grain model development. The procedure em-
ployed for obtaining vibrationally averaged rate coef-
ficients has been presented in|[23] 24]. lInl [24] ap-
plications of the VC model to normal shock wave
and quasi 1D nozzle flows have been shown and the
results obtained have been compared with those ob-
tained by means of multi-temperature (MT) models.

i.e., their energy is lower than the dissociation energy Recently, rate coefficients for.N- N, inelastic col-

relative to the level (« 0,J = 0), equal to 9.75 eV for

lisional processes among vibrational levels (VT and

the electronic ground-state of nitrogen, while some of VV processes) have been added. Numerical values for

the energy levels are predissociatee,, their energy

them have been obtained by adapting the existing set

is higher than the dissociation energy relative to the Of Billing data [25] to the vibrational energy levels of

level (v=0,J = 0).

The bound energy levels are denoted by the set |
and the predissociated energy levels, by therséithe
set for all the levels is then given byd = Ig U Ip.
The database for the N N, system comprises more
than 23 million reactions, for the following collisional
processes:

¢ Dissociation of truly bound states and predisso-
ciated states:
Df
No() +N=N+N+N, ielgp
kiDb

e Predissociation of the predissociated states:
Pf

©)

No() =N+ N, ielp )
kin
o Excitation between all states:
E
j
Na() + N=No(j) +N, i jelp, j>i (5)
:
The direct reaction rate coefficienk8’, k™', and

ﬁ j > i, are obtained based on the reaction cross-

the NASA Ames database (the procedure is explained
in [2€]).

3.2.2. Boltzmann Rovibrational Collisional (BRVC)
model

A new coarse grain approach has been proposed
and investigated in parallel to the enrichment of the
VC model recalled in the previous section. In this
new coarse grain model, the energy levels of the
N, molecule are firstly sorted according to their val-
ues and then lumped into energy bins for which bin-
averaged rate coefficients are obtained by means of the
following procedure.

The energyE; for level i within bin k is defined
based on the enerdy for the first level in the bin and
the relative energy contribution with respect to this en-
ergy level:

Ei = ék + Aék(i), i€ |k~

(6)

The energy level populations are assumed to follow
a Boltzmann distribution at the translational tempera-
tureT within the bink € Kgp:

1 -AE()) .
‘Qk(T)g'eXp( keT ) e

where the partition functio®)(T) and number den-

(7)

N
i

sections for nine values of the gas translational tem- sity for the binri, are defined as:

perature between 300 and 50000 K. The reverse re-
action rate coefficientg”, k™, andkf, j < i, are
computed based on micro reversibility.

3.2. Strategies for coarse grain model development

Different strategies have been considered forthe de-and g, =

am=Yaen( Gl w=Yn ®
ielg B ielg

where the symbolsgstands for Boltzmann’s constant
gNS(23(i) + 1) (with gMS representing the

velopment of coarse grain models for the quantitative nuclear and spin contributions to the degeneracy of

description of nonequilibrium rovibrational dissocia-
tion and excitation.

© von Karman Institute for Fluid Dynamics

the ground electronic state of the, kolecule). As
an alternative to Boltzmann Rovibrational Collisional



(BRVC) model presented in eq[](7), one could as- vector,F andG are, respectively, the inviscid flux vec-
sume a uniform distribution within each bin leaditag tors along thexandr directions S°° is the source term
a Uniform Rovibrational Collisional (URVC) model  vector due to collisional processes a®tf is an ad-
that has successfully applied in [27]. This type of dis- ditional geometrical source term due to axial symme-
tribution does not allow to retrieve equilibrium when try. The mathematical expressions for the quantities in
the number of bins is small. eq. [16) change according to the physical model being
The average rate coefficients for dissociation, pre- used. If the BRVC model is considered, the following
dissociation and excitation for the BRVC model are:  expressions are obtained:

Df Ex(i) |, of
k()= Qk(T);g' ( )k" (. ©) U=| pn pk pu pv pE ]T (7)
@t AE(i) , Pt F=| pnU pku p+pu® puv puH ]T,(ls)
- , T), (10
()Q()ég P “pe2 ). o) -

ka(T) = Zg. (AE"('))ZKE(TOH) Sso=| wy @ 0 O o]T, ke Kgp, (20)

QK(T) il jel
, , _ s¥=10 0 0 p o] (21)
with k € Kg in eq. [9),k € Kp in eq. [10) andk,| €

Kgp, k < I'in eq. (Id). Reverse rate coefficients are
computed by means of micro reversibility:

[
[
| oV A puv p+pv? pvH ]T,(19)
[
[

In eq. [20), the componentgy andwy of the source
term vectorS®® represent the production rates for the

REb (M) Q(T) exp(’(EﬁBﬁEN)) N atom and the B bins due to collisional excitation

"kkDf = [onQ, (T2 . (12 and dissociation and predissociation:

"pb 7(Ek 2EN) A ~

K QMOMenCEG) o = 2mDd Y[R ()% - KT (Xl

k" [anQ\ ()12 keKs

RE QM expBs) oMy ) [k %= KM X7 (22)

= = (14) keKp

E A ~

K QM) @1 = ~ M, DX] [k (T) X — R2°(T) X2
with k € Kg in eq. [12),k € Kpin eq. [I3) and — Mu. [RPF(TY X0 = KPP(T) X 12
k.| € Kgp, k < 1'in eq. [14). Thequantitygy = 12 N [kk ( )k>|k KD ]
in egs. [(I2) -[(IB) is the degeneracy of the N atom in _ LE _LE
the ground electronic state ( R) nuclear and spin M, [Xn] l; [kk'(T)Xk ki(T) X']
contributions) whileQ\ (T) andQ}, (T) are the trans- » ¥
lational partition fgnctpns of the N atom and the N I Z ["klEk(T) X — RE(T) Xk] . keKgp (23)
molecule, respectively: 1K

3/2 3/2
2 T 2 T
Qu(M) = [ﬂk';sz) N, (T) = (%) For the VC model, the expressions for the vectors in
hs ho eq. [16) and the production rateg andd, for the N

(15)

atom and N vibrational levels are similar as given in
where the symbolstands for Planck’s constant. N 9

[24;/26]. The only difference is that molecular energy
exchange (VT and VV) and molecular impact dissoci-
ation processes are considered. Hence, their presence
must be taken into account in the expressiondgr
andwy (seel[25] for more details).

Eg. (I6) can also be used for the investigation of
nonequilibrium effects in quasi 1D nozzle flows. The

3.3. Gwerning equations

The coarse grain models described in the previous
sections have been applied to 1D/2D inviscid flows,
for which, the governing equations can be written in
the usual conservation law form:

areU  arcF  ar<G ; . - "
+ + =res 4 e (16) only modification (after dropping all quantities rela-
ot ox or tive to ther direction and setting = 0) is the inclu-
wheree = 0, 1 for plane and axisymmetric floweg- sion of a geometrical source terg?®?(due to cross

spectively. In eq.[{A6)J is the conservative variable sectional area variation) in the right-hand-side of eq.

© von Karman Institute for Fluid Dynamics



@a): of local thermodynamic equilibrium at the nozzle in-
2N A let. In order to get more physical insight from the
n - T . . . .
garea_ _ [ onU PrU pU?  puH ] ke Kgp simulation, a vibrational temperatufe has been ex-
ax tracted from the vibrational energy level populations

(24) by solving the following algebraic non-linear equa-
tion:
3.4. Numerical method . o c
. . . Vmax iy max E exp(— %
Eg. (I8) is discretized in space lgeans of the v=o eV _ 25 B p( kT ) (25)
Finite volume method [28]. Roe’s approximate Rie- M, T exp(— k)

mann solver|[29] is used for inviscid fluxes. Roe’s
averaged state is computed by using the lineariza-
tion proposed in[30]. Higher order spatial accuracy
is reached through a polynomial reconstruction per-
formed on primitive |[311] or characteristic variables
[12;[13]. The van Albada and minmod limiters [28]

are used in order to preserve solution monotonicity
close to discontinuities. 0.02

Time integration of the space discretized system of
equations is performed by means of a fully implicit _
method for 1D/quasi 1D flows [31], while an operator
splitting approach [12; 13; 26] is used for 2D flows.
3.5. Applications

[052‘ 6 ‘ ‘062‘ ‘ ‘0
X

at each mesh cell. Fig[d 2 shows tlemperatures
together with the distribution of the same quantities
along the nozzle axis.
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3.5.1. VC model

The VC model of Sed_3.2.1 has been used for in-
vestigating the 2D axisymmetric nonequilibrium flow
within the nozzle of the EAST (Electric Arc Shock

04 0.06 0.08
Tube) facility at NASA Ames Research Center (see
Fig. []). (a) Temperature distribution (upper part lower partT" ).
6000
14
12; 5000
10 —
—_ X 4000
Loe =
<L o |_' 3000
<
2
2000
2
0-—— T T T T T T T T T T 1000-— T T T T T T " T " T
-0.02 0 0.02 004 006  0.08 -0.02 0 0.02 0.04 0.06 0.08

x[m] x[m]

. . o b) T t long th le axis£ T,—-— TY).
Figure 1: Normalized area distribution of the EAST (b) Temperatures along the nozzle axis < )

facility nozzle (throat ak = 0 m). Figure 2: Translational and vibrational temperatures.

Reservoir values of total pressure and temperature areThe flow remains in thermal equilibrium for the en-
100 atm and 500K, respectively. They correspond tire converging part of the nozzle. Once it crosses
to operating conditions of the facility for which Ra- the throat ¥ = 0 m), the expansion becomes signifi-
man spectroscopy measurements of the relative popu-cant and nonequilibrium effects start to appear. This
lations of vibrational levels are available [32]. Com- is caused by a reduction of the flow macroscopic time-
putations have been performed under the assumptionscales due to the velocity increase. The translational

© von Karman Institute for Fluid Dynamics



and vibrational temperatures start deviating from each
other, with the latter becoming frozen aroumrd=
0.04 m. Downstream of this location, the flow further
expands as if the inelastic collisional processes taken
into account were not occurring.

The usage of a VC model allows for a detailed in-
vestigation of the energy level dynamics. Moreover,
since no hypothesis is done on the population distri-
bution, it is possible to check the approximation in-
troduced by conventional multi-temperature models
(where a Boltzmann distribution at its own tempera-
ture is supposed to exist for each species internal de-
gree of freedom). Fig[]3 shows the evolution of the
distribution along the nozzle axis.

03

Ay [1/m’]

1
1
1
1
1
1
1
1
1
1
1

0
10
1
10

137

0

Figure 3: Population evolution along the nozzle axis
(— x=-0.025m,- — — x = -0.006 m,— - — X =
om,---- x=0.024m,- - - - x = 0.054m,

- X=0.083m).

At the inlet, where equilibrium is imposed, all lev-
els lie along a straight line. When the flow begins
to expand in the converging part of the nozzle, the
shape of the distribution remains the same. Only the
slope changes as an effect of the cooling. A small
overpopulation starts to appear (for high-lying lev-
els) at the throat and this becomes more and more
pronounced when the flow becomes supersonic. At
the outlet, the ground state and low-lying levels are
aligned along a straight line (whose slope is propor-
tional to the inverse of the vibrational temperatiite
previously shown) while high-lying levels experience
overpopulation. The latter is an indication that lump-
ing all the levels within a Boltzmann distribution (as
done within the context of multi-temperature models)
is not possible (for the reservoir conditions adopted
here).

The computed population distributions (for the first
9 vibrational levels) have been compared against ex-

© von Karman Institute for Fluid Dynamics
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Figure 4: Comparison between computed and experi-
mental normalized vibrational energy level population
distributions (— Comp., o Exp.).

perimental data acquired by means of RansaBc-
troscopy [32] at the locations = —0.006,x = 0.024
andx = 0.054m (see Figl]4). The agreement is ex-
cellent for the first location, where the flow is close to
equilibrium. For the second and third locations, the
agreement is good for the ground state and the first
four excited levels, while discrepancies start to appear



for the higher states. In this zone (where measure-
ment errors are more significant), the computational
model adopted predicta Boltzmann distribution at
the temperatur@", while an overpopulation appears
in experimental data. The latter could be due to the
presence of some nonequilibrium at the nozzle inlet
(not accounted for in the computations). Moreover,
the actual flow in the facility is characterized by the

presence of viscous effects and unsteadiness. None of

these factors has been taken into account within the
computational model adopted. In view of that, the
comparison between computational and experimental
data can be considered satisfactory.

3.5.2. BRVC model

The BRVC model (see Sdc. 3.2.2) has been applied
to study nonequilibrium effects in simple flows, such
as the flow downstream a normal shock wave and the
quasi 1D flow within a nozzle. Computations have
been performed by using different numbers of energy
bins for the N molecule for an estimation of how
many bins are needed in order to get a flowfield de-
scription being both accurate (when compared with
the Rovibrational Collisional (RVC) model) and com-
putationally cheap. In this case, only-NN; colli-
sions have been taken into account and computational
results have been compared against the VC model of
Sec[3.211 and the classical Park MT model [33]. In all
simulations, an internal temperatuf&t has been ex-
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Figure 5: Comparison between results providsd

the BRVC (75 bins), VC and MT models (expanding

tracted by solving the following non linear algebraic  fiow).

equation:

ZKEKBP Ek Qk(T) eXp( kBT'"‘)
ZKEKBP Qk(T) exp( kg Tlm

keKep ﬁkEk

- (26)

2

at each mesh cell in order to characterize macroscop-
ically thermal nonequilibrium.
For the computation of nonequilibrium quasi 1D

The behavior of the vibrational and internal temper-
atures is very different for all models and this is due
to the way the coupling between chemistry and inter-
nal energy (vibrational energy for VC and MT mod-

els) is realized in each model under consideration.
In MT models, it is usually assumed that the av-

nozzle flow, the EAST nozzle shape (see Fiy. 1) has erage vibrational energy lost/gained during dissocia-
been considered. In this case, the length of its diverg- tion/recombination is equal to bulk vibrational energy
ing portion has been increased up to 0.15m in order of the flow (non preferential dissociation model [3]).

to enhance the gas expansion. The reservoir valuesHowever, the former does not take into account that
of pressure and temperature have been artificially setmolecules tend to preferentially recombine in high-

to 1atm and 100K, respectively, in order to en-
sure N+ N> collisions to be the dominant mechanism
within the flow. Fig[® shows the temperature (transla-
tional, internal and vibrational) and;Nnolar fraction
variations along the nozzle axis (75 bins for the BRVC
model). The translation temperature for the VC and
MT is not shown but it is very close to the one ob-
tained by means of the BRVC model.

© von Karman Institute for Fluid Dynamics

lying states, as done by contrast by both VC and
BRVC models. This inaccurate description has con-
sequences not only on the temperatures, but also on
the degree of recombination due to the coupling be-
tween chemistry and internal energy. This can be ap-
preciated in Fig[l5, where it is shown that MT model
provides the highest value. No appreciable differences
(for the N, molar fraction) arise between the VC and



BRVC models. This fact could be explained by recall- bins. If the bin number is then increased, it is possible
ing that, for the conditions here adopted, rotational to obtain more accurate descriptions though the distri-
nonequilibrium &ects (automatically taken into ac- butions look qualitatively the same. A good compro-

count in the BRVC) are negligible. mise between accuracy and computational efficiency
(as suggested by the present testcase) would be to use
103 20-30 bins.
10" For the investigation of the nonequilibrium flow
10°9 N behind a normal shock wave, free-stream values of
cg 10" pressure, velocity and temperature have been set to
> 10" 13.3Pa, 10km/s and 300K, respectively. The free-
= 10°4 stream has been seeded with 0.28 % of N since only
Q1074 N + N, collisions are taken into account.
& 104
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<
Figure 6: Bin number convergence study on the nor- it
malized population distribution at the nozzle outlet. 0251 17 -
The same testcase has been run by using different S POp N YV
number of bins (3, 4, 5, 10, 20, 30, 40, 50, 75 and ' x[m] ' '
100) in order to understand its influence on the ac- (b) Molar fractions —— NBRVC, — — — N2 BRVC, — -
~NVC,—--— NaVC, - — - — - NMT, ---- NaMT).

curacy of the energy level dynamics. Figl 6 shows
the population distributions at the nozzle outlet with
different number of bins. As already observed be-
fore for the VC model, the distributions experience
in all cases departure from a Boltzmann distribution.
In particular, heavy distortions due to overpopulation
can be observed in the tail region. The former fea- A convergence study on the number of bins (see [31]),

ture is common to all cases analyzed here. However, has allowed to retrieve the same conclusions as those
the accuracy of the description of the level dynam- found for the expansion case (i.e. only 20-30 bins are

ics is too poor when using 3-4 bins. The main fea- needed for a reasonably accurate description of the
tures of the converged population distribution (straight level dynamics).

line and plateau regions) are already retrieved with 10  Computational results have been compared with

Figure 7: Comparison between results provided by the
BRVC (100 bins), VC and MT models (compressing
flow).
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those provided by the VC and MT models. Figl 7
shows temperatures (translational, vibrational and in-
ternal) and Nand N, molar fractions (100 bins for the
BRVC model). The MT model leads to the fastest dis-
sociation, while the BRVC is the slowest among the
three models.
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Figure 8: Comparison between results provided by
the BRVC (100 bins) and RVC models (compressing
flow).

Differences between the BRVC and VC models arise
now also for the chemical composition (while they are
negligible in the expanding case). The faster dissoci-
ation obtained by means of the VC model is due to
the hypothesis of rotational equilibrium. Indeed, in a
previous work|[34] it is has been shown that, for the
free-stream conditions adopted here, the former hy-
pothesis does not hold. On the other hand, the BRVC
model does not make any assumption on the popula-
tion of rotational levels. Hence, it automatically takes
into account for rotational nonequilibrium effects. A
confirmation is provided by the consistency observed
for the translational temperature and N ang iNo-

© von Karman Institute for Fluid Dynamics

lar fractions between the RVC and BRVC model solu-
tions (see Fid.18).

4. Conclusions

Coarse grain collisional models based on the NASA
Ames Database for the NN, system have been ap-
plied for the investigation of nonequilibriuntfects in
compressing and expanding flows. A VC model previ-
ously developed from the same database has been en-
riched in order to take into account fop M N, inelas-
tic collisions and been applied for computing the flow
within the nozzle of the EAST facility. Computed
vibrational energy level populations have been com-
pared with experimental data. A good agreement has
been observed. A new coarse grain BRVC model has
been formulated and applied to 1D/quasi 1D flows.
The results obtained have shown its higher flexibil-
ity (over the VC model) due to the possibility of tak-
ing into account for rotational nonequilibrium effects
across shock waves.

Future work will focus on the multi-temperature re-
formulation of the BRVC and RVC models.
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Abstract

Numerical simulation of a moving piston by means of an arbitrary Lagrangian-Eulerian solver in a two-
dimensional field is performed in order to investigate the flow physics inside VKI-Longshot hypersonic ground
test facility. The dynamics of the piston is coupled with the fluid using a moving boundaries. Rigid mesh strategy
was used for the mesh adaptation algorithm. The numerical methods and time integration scheme are described.
The space-time diagram shows the speed and the trajectory of the piston as well as the flow pattern involving
expansion fan and shock waves in the driver-driven part of the facility.

Keywords: Unsteady Hypersonic flow, arbitrary Lagrangian-Eulerian, hypersonic facility

1. Introduction

The Development of future space vehicle requires
hypersonic ground testing and extensive computations
before the real flight. The success of a mission will
depend on the reliability of the experimental data,
the accuracy of the CFD and the methodology used
to extrapolate these data from ground test to flight.
The increase of the computational resources, the re-
cent development in physical modeling and numerical
schemes have gave the computational part much more
important role in the space missions. The validation
of the computational codes with experimental data is
more than necessary , therefore accurate ground test
conditions are needed. The free stream conditions in
most hypersonic wind tunnel are very difficult to as-
sess and remain on of the most challenging task even
in the recent hypersonic facility. The uncertainties on
their values could reach 20%. It’s mostly due to a lack
of experimental data on some part of the facility like
inside the nozzle or the driven/driven tube and also
to some technical difficulties to measure some main
flow parameters. The full simulation of the facility is
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a complex task because it involves multi-physics and
up to date it remains a challenging task.

In the current work we focus on the VKI-Longshot
wind tunnel which is is a short duration facility (Fig.1)
that can be operated with either nitrogen or carbon
dioxide and it is designed to reach very high Reynolds
number hypersonic flows. It is essentially based on
two tubes (driver and driven tubes) and a nozzle which
discharges into a test chamber. It has a Mach 14 con-
toured nozzle [5] of 0.42 m exit diameter and a 6°
conical nozzle of 0.60 m exit diameter which can be
used throughout a Mach number range from 15 to 20.

LONGSHOT HYPERSONIC TUNNEL

i ORIVENTUBE PARTXLE SHELD b
WrROGH M0by PETON LIS GEGcvALYES ke

5 AXES
SECONDARTY DIAPHRAGH' POSTIONMG
NOZZLES: 42 cn MACH 5, CONTOURED o
e

[ |
36 tm MACH 15, COMCAL

Figure 1: Schematic online of the Longshot tunnel



The driver gas, usually nitrogen operates at a
pressure between 300 and 1000 bars at room tem-
perature, in a 12.5 cm diameter tube which is 6 m
long. The initial pressure of the gas in the driven
tube can vary from 1 to 15 bars and its temperature
is the room temperature. The nozzle and chamber
are evacuated down to about 1 Pa pressure. In order
to release the piston, a valve opens and applies the
initial pressure on an extra surface of the piston front
which is enough to break the diaphragm. The piston,
then moves in the driven tube and it is accelerated at
speeds of the order of 600 m/s, compressing the gas
through a shock wave standing ahead at the end of the
piston course there is a 48 check valves that allow the
gas to be trapped. the gas expand through the nozzle
into a 16m*vacuum vessel. A series of reflection
occur between the piston head and the driver tube
end which finally stops the piston. A decompression
wave appears at the rear of the piston due to the
rarefaction of the gas. It travels from the driver tube
to eventually reach the rear part of the piston and
causes the piston rebound. When the piston moves
back in the driven tube, the pressure ahead of the
piston decreases and finally becomes lower than in
the reservoir. Therefore, in order to trap the gas in the
320cm> reservoir, a plate check valves is installed at
the end of the piston course which causes the closure
of the 48 check valves. Once the gas is trapped, the
second diaphragm breaks and this allows the gas
to expand through the nozzle into a 16m* vacuum
vessel. In order to prevent the biggest particles caused
by the rupture of the diaphragm from obstructing the
nozzle or destroying the model, a particle shield has
been placed just upstream the diaphragm.

2. Governing Equations

The conservative Navier-Stokes or Euler equations are
usually solved on a computational domain €(¢) that
is constant in time, i.e Q(¢) = Q(#) for both steady
and unsteady cases. the formulation used for those
cases is called Eulerian form of the equations. In some
cases, it is practical to use the velocity of the flow as
a speed of the computational domain €(¢), we then
refer to a Lagrangian formulation. The formulation
used for intermediate cases, in which the computa-
tional domain evolves and deforms independently, is
called an Arbitrary Eulerian-Lagrangian formulation
(ALE). The space discretization and time integration
methods used in Eulerian framework were extended
for Arbitrary Eulerian-Lagrangian formulation [2].
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In the current work, Finite Volume method is
used as a space discretization technique. The two-
dimensional conservative Euler equations for a time
dependent computational domain €(¢) i.e in an Arbi-
trary Eulerian-Lagrangian formulation are:

F. OF,
@d9+f (6 x+—y)dQ=f SdQ
ap Ot o \ 0x dy Q)

ey

using Gauss theorem, we have:

U
f —d9+9§ (Fon, + Fyny) doQ = f SdQ
aw Ot 30t ’ Q)

(2

where 7 is the outward normal to dQ(¢), and F,, is
the normal flux defined as:

F, = Fun,+Fyny = (un, +vn,)U+
) pn,
p(Vr - i)

where Vr = (u,v) is the fluid velocity vector. Using
Reynolds transport theorem to extract the time deriva-
tive:

ou d
f —dQ = — UdQ—gg Ug-1)doQy (4)
aup Ot dt Jo 90t

with Vg the velocity of dQ(r) and we finally obtain :

0
if UdQ+9§ UGr - ) -7| P
dt Jo 30 e pny
pFr - 1)
400 = f SdQ )
Q(r)

Eq. (5) shows that there are three contributions to
the rate of change of U in (¢):

e Convection through 9Q(r) with speed v, = (Vg —
V6)

e Pressure surface terms

e Source terms



The domain €(¢) is approximated by a set of N con-
trol volumes Q;(¢). Thus, the second term of Eq. (5)
is written as :

55 [F, - Ul - D] dou(t) = > F5S,, (6)
0Q;(t)

meaQd(1)

where Q;(¢) is approximated by a sum of numeri-
cal fluxes. The numerical methods for the Arbitrary
Lagrangian-Eulerian formulation are described in the
next section.

3. Numerical Technique

3.1. Convective fluxes

AUSM scheme [4] was used this work. its Arbitrary
Lagrangian Eulerian formulation have been described
in [6], [1]. We have:

F=| p- V¢ -V.-A+p-i @)

where v, = Vr — Vg is now the relative velocity.

As for the standard AUSM scheme, the convective
(F¢) and pressure (F7) fluxes are treated separately.
The convective flux is written as:

P
F°=M, a0, D =| pip ®)
pH

where the local Mach number is now the relative local
Mach number M,. The flux F? corresponding to the
acoustic waves is described as:

0
F=| p-it ©)

- =

p-vg-i

in which we can note the appearance of an extra term
p - Vg - i depending on the mesh velocity V.

where x; denotes the centroid position of the control
volume ;. The linearly reconstructed state variables
it is calculated using least-squares method . In order
to prevent the appearance of oscillations near disconti-
nuities a flux limiter ¢; is needed on the reconstructed
states. In the present work Venkatakrishnans limiter
[7] is used.
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3.2. Implicit Time integration

The time integration scheme proposed by Wuilbaut
[8] which is a blending between a first-order positive
time integration scheme (Backward Euler) and the 2"
order accurate Backward Differentiation scheme.

ueE™h - ueh) + g UP™) - 2U0P") + UP
At At

= —R(P™) (10)

where 6 is a blending coefficient 6 € [0, 1]. This
blending is defined such that when 8 = 1., the scheme
is the 2nd order Backward Differentiation scheme
while when 6 = 0., the scheme transforms into a 1st
order Backward Euler scheme. The resulting scheme
is of order two in smooth flows (6 = 1.) while re-
ducing to 1* order at discontinuities (¢ = 0). This
blending coefficient depends only on the evolution of
the variable in time and acts like a time limiter defined
as:

$i(ri) .
6; = { max(1,|r;]) lf |I",'| za
1

Where ¢; is one of the space limiter function, in
this work we use MINMOD limiter , « is a threshold
parameter and r; is the ratio of temporal slopes at any
given point :

(1)

otherwise

-y
L !
At
ri= 12
P = T (12)
At

. This definition preserves the 2"¢ order accuracy
for sufficiently smooth solution. At each time step,
the system (10 ) is solved implicitly until convergence
through a Newton iteration. At each of the inner time
step iterations, the value of 6 is updated using the so-
lution U"*'* where k is the inner iterations index. The
GMRES algorithm with an Additive Schwartz pre-
conditioner provided by the PETSC library serves to
solve in parallel the corresponding linear systems aris-
ing from Newton linearization. The solution update is
also performed in natural variables.

4. Flow prediction in the driver-driven tube

Numerical investigations of the flow in the diver-
driven part the VKI-Longshot facility is performed
using ALE solver in COOLFluiD framework [3] [8].
Fig. 2 shows a schematic of the driver-driven part
of the VKI-Longshot facility. The driver tube has a



length of 6.095 m and an internal diameter of 127 mm.
The driven tube is 27.50m long and an internal diam-
eter of 76.2mm.

0.05
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Figure 2: VKI-Longhost: driver-driven part

In the current work, the driver and the driven were
considered as a one tube with the same diameter. The
length of the driver tube was modified in order to keep
the same volume of the gas as it is used in the real ge-
ometry. This approximation simplify the re-meshing
algorithm, and eliminate the chamber effect.

P1 I P2

Figure 3: VKI-Longshot : simplified driver-driven geometry

The test condition concerning the pressures in the
dirver and driven tubes are given un table 1 and the
data related to the piston are given in table 2.

Pdriver [Pa] Pdriven [Pa]
344.7 275800

Table 1: Initial driver-driven pressure for high Reynolds test condi-
tions

Mass [kg] | Length [m]
4.592 0.355

Table 2: Piston Mass and length for high Reynolds test conditions

The numerical problem to be solved and the com-
putational domain that is used are shown in Fig. 4.

Figure 4: Computational domain
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The physical domain (driver-driven tube) is divided
into two subdomains, the left domain represents the
driver tube and the right domain is the driven tube.
The piston is simulated using moving boundaries of
the two subdomains. The dynamic of the piston is
implemented using Newton law. The only force (con-
sidered in this work) that apply on the piston are the
sum of pressures on each face. Each time step, the
displacement of the piston is computed allowing it
advancement in time. Rigid mesh strategy is used
to compute the mesh at each time steps, the nodes
are equally redistributed on the boundaries allowing
strong mesh deformation.

5. Results

Unsteady numerical simulation of the moving pis-
ton inside the driven tube has been performed. The
initial conditions are given in table 1, the end of the
driven tube is closed, and a wall is imposed as a
boundary condition. This analysis is valid only dur-
ing the first 5 ms of the full experimental test. In
real conditions the diaphragm at the end of the driven
tube beaks after the initial shock created by the piston
strikes the end of the driven tube, then the dynamic of
the piston depends also on what is happening outside
the driven-driven tubes, i.e the flow in the nozzle.

025

02

0.05fF

0-15 -10 -5 0 5 10 156 20 25

X[m]
Figure 5: X-time Diagram : Log[p] field

Fig. 5 shows pressure field in logarithmic scale,
the white space in the filed shows the trajectory of the
piston during the 25 ms. The expansion waves and
the shock ahead of the piston before its rebound are
shown in Fig. 6. After colliding with the reflected
shock from the end of the driven tube, the piston is de-
celerated before a complete stop and changing its di-
rections speed, thus creating anther compression wave



which is traveling to the driver tube. The primary
shock hits the end of the driver tube after 4.3 ms, time
at which the diaphragm breaks.
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Figure 6: X-time Diagram : iso-pressure [Log,] lines

Fig. 7 shows the pressure on the back face of the
piston, It decreases due to the expansion fan behind
the piston then it starts increasing when the piston de-
celerates. The pic conditions are reached when the
piston changes its direction.
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Figure 7: Pison: pressure at the back face

Fig. 8 shows the speed and the position of the pis-
ton along time. The maximum speed of 475 m/s is
reached after 6ms. The piston stops at 24.75 m, goes
back in the opposite direction and continue going back
and forth driven by the pressure gradient on its back
and front faces. There is no mechanism to stop the
piston inside the facility, however a check valves are
used in order to maintain the pressure in the reservoir
when the piston starts going backward. These check
valve were not taken into account in this current work.
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Figure 8: Piston: speed and position

6. Conclusions

Numerical simulation of a moving piston in VKI-
Longshot hypersonic facility was performed using Ar-
bitrary Lagrangian-Eulerian solver. This work was a
first step throughout a complete simulation of the fa-
cility. It was necessary in order to understand the dy-
namic of the piston inside the driven-driver part of the
facility before going any step further. The range of
velocities and pressures involved in the first stage of
the test were identified. The next step is a validation
of the ALE solver with experimental data. Finally, di-
aphragm boundary condition has to be developed in
order to couple the driver-driven tube with the hyper-
sonic contoured nozzle and achieve the simulation the
the full facility.
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Abstract

In the present contribution the issue of simulating hypersonic flows by means of Residual Distribution Schemes is
discussed. In particular, this discretization technique is briefly presented and its current capabilities reviewed. It
turns out that certain aspects of the technique need some adjustments to deal with the very particular characteristics
of the hypersonic regime. Extensive attention is given to the subject of enforcing conservation at the discrete level

by means of a suitable conservative linearization.

Keywords: Residual distribution schemes, Conservative Linearization, Non-equilibrium Flow,Hypersonic flow,

Compressible Flow.

1. Introduction

Numerical simulation of hypersonic flows is a chal-
lenging activity, since the complexities of compress-
ible flow aerodynamics have to be addresed together
with additional high-temperature effects due to ther-
mal and chemical non equilibrium (or TCNEQ ) phe-
nomena (further details in [1]).

In the present contribution, we propose to use
the Residual Distribution 2 (RD) framework for the
discretization of the equations that govern the non-
equilibrium hypersonic flow of air, as presented in [2].
The system of equations dealt with there expresses the
conservation of mass, momentum and energy and can
be cast in compact, vector form as:

aU

O V- F=V.Fl4+§ 1
o +S, (D

I'The author’s research is funded by a FRIA fellowship provided
by the FNRS.

ZSome(imcs RD methods are called fluctuation splitting (FS) as well.
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where U stands for the vector of conserved vari-
ables. For a two temperatures, N chemical species
model, U includes the species densities p;, the
momentum pu; and the total pE and electronic-
vibrational energies pe":

iR t
U=[ps, puj, pE, pe”]. 2)

Tensors ¢ and F“ describe the convective and dif-
fusive fluxes of the conserved quantities, while vec-
tor §’ contains the chemical and internal energy modes
source terms.

Several advantageous features of RD schemes jus-
tify our conviction of their suitability for the simula-
tion of hypersonic flows. Among them, we stress the
following:

o A maximum principle (Local Extrema Diminish-
ing) borrowed from FVM, which allows to cap-
ture discontinuities monotonically on general un-
structured grids;



e Being based on FE approximation theory, it is
possible to obtain, on a compact stencil, 2nd or-
der accurate solutions on unstructured grids;

e A better grid insensitivity on simplicial meshes,
thanks to a built-in multidimensional dissipation

property.

The reasons above encourage the application of RD
schemes to the simulation of atmospheric entry flow
problems. Nevertheless, the particular features of hy-
personic flows prevent straightforward application of
the method in its present form, since some details are
not properly understood or still missing. This contri-
bution focuses on how to enforce conservation at the
discrete level, which is essential to capture accurately
flow discontinuities.

In the following section, the problem found when
trying to extend the Roe averaging procedure[3] (or its
multidimensional counterpart[4]) to non-equilibrium
flows is reported. Immediately after, a strategy to
guarantee discrete conservation taken from the lit-
erature is presented and adapted for the N species,
2 temperatures thermo-chemical model we employ;
its characteristics are then thoroughly detailed. Af-
ter stating our conclusions, we close this contribution
with a brief appendix containing the basics on RD
schemes.

2. The importance of discrete conservation

The RD formalism has been applied to systems of
equations structurally alike to that in Eq. 1, e.g.the
Navier-Stokes equations for the turbulent flow of a
Perfect Gas, as reported in [5] and [6].

For doing so, Eq. 1 is recast in quasilinear form
before discretising it by means of RD:

ou - =
— +A —=V.F'+§, 3

ar y : (3)
where Z; stands for the Jacobian of the convective

flux tensor with respect to the conserved variables U:

- OF,
Af=—. “

ou

The steady state residual for cell Q is defined as:
. - aU OF)
q)“:f A;-a—U——’—SU dv =
v Ox;  Ox;
q_’)c,U _ q_sd,U _ (I_SSA,U. (5)
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In the subsequent discussion we will consider only the
convective contribution to the cell residual. Details on the
dissipative and source terms discretization are given in the
Appendix.

An essential ingredient for the applications reported in
[5] and [6] is the possibility to represent the solution as a
linear combination of nodal variables Z ;> asin Eq. 34, such

that an average state f can be defined at every simplex, with
the property that when the Jacobian matrices of the convec-
tive term in Eq. 4 are evaluated at it, the following relation
is satisfied:

N
)
Il
g@w
ﬁJ\II
Sy
N

(9Xj

[y

0z

f(’)ﬁ;d f@ﬁ; Bzd
s= | w=—dv=| —-—dv
o 0x; o 07 0x;
dF¢ 7" OF /o o7
:f__-)’dv.a_z Q 1().62
Q 0Z Ox;
*) R 6[7(:») dZ

QX”(Z i —\Z]- —
biYA 0x;

h

(6

consistent

au

oxj

That is, Eq. 6 just states that evaluating the cell convec-
tive residual as the product of the Jacobian matrices and the
consistent gradient of the conserved variables is equivalent
to computing the contour integral of the fluxes across the
boundaries of the simplex. This means that the numerical
solution obtained respects a conservation principle, which
is crucial when simulating flow fields including discontinu-
ities.

For the Perfect Gas case, the variable 7 is, as in [3]:

Z=[p. ~pu; ~pH] %

and the average state is -for the multidimensional case- the
one corresponding to [4]:

N d+1 -
7= d 8
;dH, (8)

where d is the physical dimensionality of the problem.

However, for the general N species, 2 temperatures
model we intend to employ for non-equilibrium hypersonic
flow computations, obtaining a single, physically meaning-
ful average state is by no means trivial. The difficulty comes
from the fact that the pressure, given by:

YR
p=; TR )

cannot be expressed explicitly in terms of the components
of a corresponding Z vector.

A reformulation of RD schemes guaranteeing conser-
vation (known as Contour Integration Based Residual
Distribution or CRD scheme, see in [7]) is available;
CRD schemes are unfortunately not applicable for general

t
b}

N8




hypersonic applications since they sometimes fail in provid-
ing monotone solutions across discontinuities, as reported
in [8]. This event leads us to resort to the original Lineariza-
tion Based RD approach, as described in [5], based on the
multidimensional generalization of the Roe parameter vec-
tor described in [4].

In the following section we describe one possible strat-
egy to uniquely define an average state which guarantees
conservation at the discrete level.

3. Enforcing discrete conservation for non-
equilibrium flow computations

Liu and Vinokur presented a strategy to guarantee dis-
crete conservation when employing the Roe scheme to sim-
ulate the hypersonic flow of gas mixtures out of thermal and
chemical equilibrium, in [9]. Degrez and van der Weide
extended Liu and Vinokur’s formulation, limited to dimen-
sionally splitted solvers, to the multidimensional upwind
context, though only for chemically reacting flows, in ref-
erence [10]. In what follows, we extend the results of De-
grez and van der Weide for the case of a non-ionized gas in
TCNEQ conditions.

Following the path traced by Degrez, we define the vari-
able:

- - 1
Z=|pY'. ~pil, ~pH, ~pe'|. (10
The convective flux vector in Eq. 1 is, for the
TCNEQ case:

- > " t
Fe =|puj,  puu;+pT;, pHuj  pe'u;] . (11)
and the following splitting is possible:

F¢ = (F5 = [Oya, p1},0,01') + [0y, pT;,0,00 . (12)
————
i

g

It is evident that all terms in J can be expressed as
quadratic functions of the components of Z, and thus entries
in % will simply be linear functions. On the other hand i
just contains the pressure. But more than in pressure itself,
we are interested in its differential, which can be expressed

-following reference [9]- as:

N
dp =) adp,+Bdpe”, (13)
s=1
where terms @, and S stand respectively for the partial
derivatives of pressure with respect to the species densities
and the translational-rotational energy, given by:

0 R
a = 6—’2 = ET_'BEZ’
ﬁ— 6]7 _ Z[svzlysMLS (14)
dpe TV vCr
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where ¢ is the s-th species contribution to the translational-
rotational energy, C), is the s-species translational-
rotational specific heat at constant volume and y; is the mass
fraction.

In order to employ this principle in a multidimensional
upwind framework, we consider:

N
Vp = a,Vp, +BVpe", (15)

s=1

which can be immediately recast in terms of the components
of parameter vector in Eq. 10 by using the relation:

- =

pe" = pH - L per — p, (16)
and considering:
N
Ps = [Z \//—3}’;] \/5 55
r=1
pil' - il = \pil - \Jpil,
N
pH = [Z @yr] VoH,
r=1
N
pe’ = [Z \/ﬁy,.] \pe'. a7
r=1

At this point, if it is possible to find values for @, and
B for which Eq. 15 holds, then the gradient of pressure
will be defined in terms of Z, making in turn ﬂ; a linear
function of the parameter vector as well, so that evaluating
Ajﬁ at an averaged state, as that in Eq. 8, would provide a
conservative convective flux.

The problem is, however, that Eq. 15 provides as many
equations as the dimensionality d of the problem (namely 1,
2 or 3) while N + 1 parameters have to be defined for the
case of a non-ionized N species gas mixture.

In order to determine these N + 1 parameters, we can
interpret Eq. 15 as d restrictions:

[.)petr
(?x,- ’

ap ZN
= — b — i=1... 1
T (9X_/ P =1 ! & (%)

that the solution we seek for should respect. In that case,
it would be sensible to look for a solution which, while
fulfilling the aforementioned restrictions (guaranteeing thus
conservation), is the closest one to a given a priori approxi-
mation, like for example the nodal averages:

9py
a; —
8x j

d+1

d+1 a'l‘ ﬁl
ax:;d+l ﬁ:i:] d+1 (19)

Under these hypotheses, we are faced with a constrained
minimization problem. According to Liu [9], in order not



to obtain a solution dependent on the arbitrary reference en-
thalpy entering in the definition of the parameters a;, it is
better to work on the space {£,...,&y; w}, where:

a; 1

é:S:E s=1,...,N; w:,E (20)

We can define then the Lagrangian:

N

L=D-dyr=@-0P+ 25 ) (6 &)

s=1

N
_/Tt'[va_zvpsfx_vpetr]’ @2n

s=1

where the factor -5 > is included for dimensional consis-
tency, o being typically of the order of the local speed of
sound.

The corresponding stationary conditions are:

oL 2 A >
a-fr:67(5"—51‘)+/l['vpr20’ r:1"'N’
aL_Z(a) o) — /1’~Vp=0,
ow
oL ap X, py dpe
O _ 9P 5 - j=1.d (22
a1, ox,F Liox, " Towy ! @2)

Fig. 1 shows the graphical interpretation of the minimiza-
tion problem defined by the Lagrangian in Eq. 21 for a 2D
computation and a 2 species mixture: starting from an ap-
proximation P in the space {£,;w}, we look for the closest
point P which fulfills at the same time the d = 2 restrictions,
that is, lies on the line where the blue and the green planes

intersect.
A(A)

o>

el

Figure 1: Constrained minimization problem: graphical interpreta-
tion.
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Out of this stationary conditions, a linear system of equa-
tions is obtained:
S
A-X=b, (23)
which consist, after application of elemental operations, of
the coefficient matrix A:

&2 0¥ 52 97
Iv |0]5% 5%
0 1| =L _1dp
A= ﬂlxN 2 9x 29y |, 24)
O1><N O Cxx C)ry
Oy | 0] Cy Cyy
of the vector of unknowns :
5 t
=8, LEvwid ], (25)
and of the forcing vector b:
~ ~ t
b=|4.... .4y -00p,] (26)

where C,, ¥ stands for:

dp 9p)\ . > X (s Ops
= 2
Coix (ax, ij)+o- Z dx; Ox;) @7

§=

while 6p,; is:

%y 9
opy = (146 )—— § ai pe_ .28
J

The structure of the linear system in Eq. 23 is such that
a d X d subsystem:

B1 = —wép, (29

can be isolated, and once A is determined (assuming that a
solution exists), & and w can be immediately obtained by
back substitution.

Concerning the invertibility of $, its determinant can be
proven to be:

N 2
a2 A Opr Op1  Opx Op;
_ a2 a2 Opk 0PI 0Pk 9p1
|8|_0-[0-kz (6}6 dy  dy 0x

A=1k#l

N 2
Opr Op  Opy dp
_— — >
* Zk:l ( dx dy Oy ox) )~ 0. GO

being 0 only if planes r; are coincident, but in that case
we do not face a system of equations but rather a scalar
equation, which poses no problem to invert.

The solution for the case |B| > 0 is given by:

_ ny (5[7)( - Cx)' 6py _ Cxx 6[7)* - ny 6px

= A= . (31
: Cxx ny - Cx_v ny ! CXX C,\'_\' - CXY C»")’ ( )

and the values of the pressure derivatives guaranteeing con-
servation are:

1
&)=®+—(/lxa—p+/l 6_p)

2\ ax oy
. s 07 0ps ops
s =& — — |4 A, . 2
& =& 2(xax+_\ay) (32)



The values that are actually employed in the computation
are obtained in a straightforward manner from:

~ 1 o
B==, & =p¢. (33)

S

Now that the linearization procedure is well under-
stood, and after testing it in a FVM framework, our
next step will be to implement it in the non-equilibrium
COOLF1luiD RDsolver .

4. Conclusions

In the present contribution the importance of having
numerical schemes respecting conservation at the discrete
level has been discussed. The reasons which make defining
a conservative average state an involved task for flows out
of equilibrium have been pointed out. A strategy to obtain
a conservative linearization has been identified in the liter-
ature, and subsequently adapted to be applicable to the N
chemical species, 2 temperatures model, and this into the
multidimensional upwind framework of our interest. A the-
oretical analysis on the linearization procedure, and its lim-
its of validity has been performed.

Residual Distribution Schemes: the basics.

A very short review of RD for the discretization of (1) is
presented in this appendix. The interested reader will find
extensive explanations in [5], [11] and [12].

The solution is expressed by means of a finite element rep-
resentation on P1 linear triangles.

J" %0 =) T;0N; () (34)

where the following property holds:
N; (%) = 0 (35)
The steady state residual for cell Q is defined as:
5ﬂ=f[@_ﬁ_§v]dv=
al 0x;  Ox;
QU _ U _ s (36)

with contributions from the convective, dissipative and
source terms.

The nodal system of equations is obtained by distribut-
ing fractions of the cell residuals @ to the nodes forming
part of the cell. The convective contribution to the nodal
equation of the cell residual is expressed generically as:

2e,U _ QU + 2c,U
&Y= > B (KF) - B

Qieg;
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in terms of the so called distribution matrices sz"’U,
which depend in turn on the nodal upwind parameters:

Kj :Aj,xnj,x+Aj,ynj,y+Aj,znj,z (37)

where A, is the Jacobian of the advective flux along direc-
tion x,, and n;,, are the components of the vectors normal
to the element faces.

Different forms of the B?"’U matrices define different
schemes. In this work, multidimensional, positive matrix
N-scheme (further details in [5]) has been employed.

Distribution of diffusive contributions to the cell residual
is done, when a P1 element mesh is used, by Galerkin dis-
cretization:

B = L B;V-Fdy (38)

while source terms can be distributed either with the
Galerkin method or together with the advective residual.

From the distribution process introduced before results a
system of differential equation controlling the time evolu-
tion of the solution at the grid nodes. For /-th node, it is:

—_ d(j] 2, U 2d.U 25U -
:.[7 + (Dl - (I)] - (I)[ =0, 39)
where E; stands for the volume of the median dual cell

around /-th node.
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Abstract

A stagnation line formulation is derived for ablation thermochemistry and used to solve for the distribution of
species, density, and enthalpy in a chemically active boundary layer. The formulation is used to compute B’-tables
that include the mass diffusion terms and the effects of wall blowing on the boundary layer. This formulation
avoids the need of a blowing correction used in material response modeling. B’-tables are commonly used in
ablative material response modeling to determine the consumption rate of material at the surface, B, as a function
of pyrolysis gas mass flux, By, temperature and pressure. A thin control volume is considered where conservation
of mass, equilibrium chemistry, and the transfer potential approximation to the diffusion transport terms are used
to determine B’-tables as a function of temperature and pressure. The sensitivity of the tables to using equilibrium
chemistry coefficients from JANAF fits, Gurvich fits and a rigid rotor/harmonic oscillator approximation is inves-
tigated. Little effect of the fits is found at temperatures below 2,250K. However, important differences at high
temperatures have been identified. Differences at high temperatures were also found between B’-tables derived
using the simplest mass transfer approximation and tables derived without the need to approximate the diffusion
transport terms. This implies that estimates of the recession rate of ablative material in high enthalpy environments

are sensitive to the approach used to build B’-tables.

Keywords: atmospheric entry flows, ablation, porous medium, chemical reactions, multi-physics coupling,

Uncertainty Quantification.

1. Introduction

Exploration beyond low-earth orbit and sample-
return missions require reentering the atmosphere at
speeds above 10 km/s. In planning missions to plan-
ets with atmospheres, optimization of the mass of the
fuel and the mass of the heat shield often results in
high speed atmospheric entries. To achieve these mis-
sions, the mission designer relies on the availability
of ablative materials. These specially designed ma-
terials harness interactions between the flow environ-
ment and the surface (gas-surface interactions) to pro-
tect the payload. They are designed to be an insulator
that rejects heat by re-radiating and blowing the ma-
jority of the incident heat back into the environment.
In this process, ablative materials lose mass and their
surface recesses. A crucial tool in the design process
of a thermal protection system is therefore a model
that predicts the required thickness for the payload to
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remain protected during atmospheric entry.

A common strategy, first proposed by Kendall et
al.[1]in 1968, is to run material and flow codes decou-
pled and approximate their interactions through the
use of heat and mass transfer coefficients. The flow
environment code uses “cold-wall” boundary condi-
tions, i.e. independent of the material response code,
but provides the heat transfer coefficients, density,
pressure, enthalpy, and species mass fractions at the
boundary layer edge. The material code, on the other
hand, estimates the surface recession rate through
the use of tables. Kendall et al.[1] generated non-
dimensional pyrolysis-gas mass flux and char con-
sumption rate, Bé and B/, tables (commonly referred
to as B’-tables) by considering a thin control volume
where the gas-surface interactions occur and where
mass balance and equilibrium chemistry are satisfied.
To obtain the diffusive transport terms that appear in



the mass conservation equation, they used heat and
mass transfer coeflicients to relate the boundary layer
edge quantities to the quantities in the control volume.
Because of the efficiency of this strategy, it is still fol-
lowed today.[2]

A weakness in this strategy is in the model of mass
transport due to diffusion into the control volume. In
addition, we expect that blowing the byproducts of the
ablation process into the boundary layer will change
the conditions in the boundary layer. Gnoffo et al. [3]
have shown that coupling the byproducts of ablation
to the fluid code has an important impact on the flow
environment.

While flow solvers have now been developed[3]
that can bypass the use of B’-tables, efforts to tightly
couple them to an in-depth material response solver
are still work-in-progress. These efforts will result
in large codes that are designed for applications that
require massive parallel computing capability. How-
ever, there is a need for approximate solvers that can
be used on a personal computer. In this paper, we
develop a stagnation line formulation and use it to
test one of the approximations for the diffusion mass
transport suggested by Kendall et al.[1] We solve for
the distribution of species, density, and enthalpy in
the boundary layer given conditions at the boundary
layer edge. This new capability enables us to produce
B’-tables that account for diffusion and blowing into
the boundary layer, and we compare these to B’-tables
generated using the approximations.

The present paper is organized as follows: in sec-
tion (2), the thin control volume approach of Kendall
et al.[1] is revisited. Their simplest approximation
is used to compare B’-tables generated using CEA[4]
fits, JANAF[5] fits, and a rigid rotor/harmonic oscilla-
tor approximation to the thermodynamics.[6] In sec-
tion (3), the stagnation line approximation is derived
without the use of self similar coordinates to represent
the boundary layer at the stagnation line. In section
(4), a new approach for the generation of B’-tables is
developed by means of coupling the thin control vol-
ume formulation to the stagnation line solution. Sum-
mary and conclusions are presented in section (5).

2. Thin Control Volume

The B’-tables are built based on conservation of
mass and equilibrium chemistry. They are essentially
a means to impose a boundary condition on an ab-
lation code without having to couple the flow envi-
ronment. To compute the equilibrium mixture, the
species equilibrium constants (functions of the Gibbs
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free energy) are obtained from fits to the species ther-
modynamic properties. Modifications to the equi-
librium chemistry assumption may be added to ac-
count for heterogeneous finite-rate chemistry or ma-
terial failure [1]; unfortunately, this methodology re-
lies on rates and ablation mechanisms that are not well
understood[7] and will not be considered in this pa-
per. In a companion paper, the heterogeneous finite-
rate chemistry of a carbon preform is analyzed[8]. In
this section, we revisit the derivation of the open con-
trol volume [1] formulation to familiarize the reader
with the details of the formulation and our choice of
approximation for the diffusion transport terms.

Advection flux

T (oV) Yk w

T Mea yk, ca

Char ablation (ca) flux

Mass transfer flux

T J'k,w

control volume

T Mpg Yk, pg

Pyrolysis gas (pg) flux

pv= Mg+ r}mca

P9

Figure 1: Mass fluxes and compositions at the wall

2.1. Mass Balance

We start with a Thin Control Volume (TCV), as
shown in Fig. 1, that encloses the gas surface inter-
face in the moving reference frame of the surface. We
assume that: (1) the surface is chemically active with
carbon char (C(gr)), assumed in equilibrium with the
gas species, reacting with oxygen and sublimating; (2)
the pyrolysis gas products and the gas from the flow
environment get transported into the control volume at
arate slow compared to the chemistry time-scale, thus
enabling equilibrium to be established for the mixture
within the control volume. We further assume no ac-
cumulation of gas in the TCV. The mass balance of
the elements in the control volume is given by,

mpgyk,pg + MeaYhea = (pv)wyk,w + jk,w (D

where yi pe, Yica> and Yy, are the mass fraction of the
elements in the gas, the char, and the mixture, respec-
tively; 7i1,,, and #i1,, are the pyrolysis gas mass flux and
the char mass consumption rate [kg m~2s~']; p is the
density of the mixture [kg/m>]; V is the velocity of the
gas mixture, [m/s]; and ji,, is the diffusion flux of the
elements of the mixture, [kg m~2s~!)] given by,

: i My
Jkw = Z V;( ﬁ in,w (2)
i

i



where v}; are stoichiometric coefficients that are de-
fined in Eq. 6, M; is the molar mass of species i, and
Jyiw is the mixture species diffusion flux.

By summing over the elements k in Eq. 1, we get
the total mass conservation equation,

lipg + Hlcg = (PV)y 3)

Kendall et al.[1] considered several approximations
to the species diffusion flux. The simplest of these
approximations and the one we will adopt here is the
transfer potential method that assumes equal mass dif-
fusion coefficients for all species in the mixture:

jk,w = peueCM (yk,w - yk,e) “4)

where p, is the density of the gas at the boundary layer
edge, u, is the velocity at the boundary edge, [m/s],
and C), is the Stanton number for mass transfer. Cor-
rections to account for unequal diffusion coefficients
have been proposed by Kendall et al. but are not cur-
rently used[9].

By substituting equations (3) and (4) into (1) and
rearranging terms, we get the elemental composition
of the mixture,

mpgyk,pg + mcayk,ca + peueCMyk,e
Mg + Mg + petteCiy

yk,w(mca) = (5)
The mass fractions of the elements in the mixture,
Yiw, and the ablation mass loss rate, ri.,, are the un-
knowns that we need to determine. These represent
n. + 1 unknowns, where n,. is the number of elements.

2.2. Chemistry for heterogeneous mixtures

The convention we will follow starts by expressing
the formation reactions for n; species as[9],

D VINe = VIN; (6)

k
where N; represents base species for the elements in
the system, v,’{ are the stoichiometric coefficients of
the formation reactions, and N; is the gaseous product

species formed by the reaction.

2.2.1. Gaseous mixture

To compute the equilibrium composition of a
gaseous mixture composed of ny different chemical
species, n, independent equations are needed. We
have n, = ny; — n. independent equations obtained
from the equilibrium of the formation reactions, Eq.
6, where n. is the number of base species that are
elements. Because of the adopted convention for
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the species formation reactions, n, species formation
reactions are trivial.

Equilibrium of the chemical reactions

Assuming that the species of the mixture are in
chemical equilibrium, n, equations are obtained from
the definition of the equilibrium constants,

x '.i
J
= @
nk xkk

From the above convention, the equilibrium constants
are given by

[ Products
j =

Reactants

InK; (T, p) = —% [vjig,- (T prer) = D vigi (T, pre)
k

p ; ;
-in (pref) [v; B Zk: Vli) ®

where g; = h; — T s; is the species Gibbs free energy
and p,.y is a reference pressure.

Mass conservation of the elements

The remaining, n, = n; — n,, equations are obtained
from the mass conservation of the nuclei,

v+ Y vlx = v’,iMy]CI—’: ©)
J

where M, the gas-phase average molecular weight
(M = Y,M;x;), is an additional unknown in the
system. At this point, we have n, equations for ng + 2
unknowns. We seek two additional relations.

Mole-Fraction definition

By definition, the mole fractions sum to one. This
provides an additional equation:

in =1 (10)

To summarize, for a gaseous mixture, the system of
ns + 1 independent equations reads:

Vixe+ Zivixg = My, Oied) | Mi
) AZixi = 1 (11)
vj.lnxj—zkvilnxk = Ink;

The remaining constraint is obtained by consider-
ing the condensed phase reaction.



2.2.2. Condensed phase species chemistry

In the presence of solid reacting species (as is the
case for ablating materials), solid species are added to
the system. Therefore, heterogeneous equilibrium re-
actions are needed to close the system. Our current in-
terest is in carbon-based materials, therefore, we will
consider a char composed of a single element, C(gr),
formed by the following elementary reaction

C — C(gr) (12)

where C is carbon gas. In the case of ablative materi-
als, it is assumed that the solid behaves as an infinite
source of condensed species when present. Therefore,
the activity of the solid (or its mole fraction), is taken
equal to one, xc(, = 1, in heterogeneous equilibrium
reactions (it is equal to zero when not present). The
following system is added to the gaseous species sys-
tem,

{MMZI (13)

—In Xc = In KC(gr)

The equilibrium constant for condensed-phase species
reads:

1
In Kegr) (T, p) = ~RT (gc(gr)(T) - 8c(T, pref))

+ln( P ) (14)
pref

Fits for the Gibbs free energy of carbon graphite
8c(gn)(T) can be found in the literature [6].

2.2.3. Complete System

The complete homogeneous/heterogeneous equi-
librium chemistry system coupled to mass transfer
reads

VIIEX]( + Zj Vixj = V];Myk,w(mcu)/Mk
2ixi = 1
—In Xc = In KC(gr)

vjlnxj—zkvilnxk InK;

The system is closed: we have (n; + 2) unknowns
and (ny; + 2) equations; M and ri., are 2 additional
unknowns to the mole fractions of the mixture . The
system is quadratic in these unknown quantities and
an iterative procedure is used to solve it. It is interest-
ing to note that only gaseous species mole fractions
appear in the system. This is due to the fact that the
mole fraction of gaseous carbon C is fixed by the het-
erogeneous equilibrium reaction —In x¢ = In K¢y as
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5)

long as graphite is present in the mixture. Carbon gas
is carried out of the wall by diffusion and convection
simultaneously, causing ablation.

Two intensive variables need to be fixed to solve the
equilibrium chemistry problem. We choose the pres-
sure and temperature as our state variables, because
they are the available variables when coupling to a
material response code. The input variables are yy p,,
1y, (given by the material response code), p.u.Cy,
and y . (e for edge; these depend on the surrounding
atmposphere), yi ca» T, and p,,. The current code im-
plementation provides ., that is needed to compute
the recession rate of the surface:

theq  [kg/m?/s]
T pea Lkg/md]

(16)

where p,, is the density of the charred ablative mate-
rial.

The computation also provides the species compo-
sition x;, from which the total enthalpy of the gas in
the control volume, 4,,, can be evaluated.

The formulation has been implemented in the ex-
isting code MUTATION[10]. We refer to the code
that implements the algorithm to solve the system
given by Eq. 15 as MUTATION-B. The current code
may be used to generate pre-computed B’-tables. It
provides the dimensionless ablation mass-loss rate,
B'c = r,/p.u.Cy, and the wall enthalpy as a func-
tion of pressure, temperature, and the dimensionless
pyrolysis-gas flow rate By, = ritpg/petteC-

2.3. Representative B’-tables for carbon fibers with
pyrolysis gas from phenolic

We have outlined a procedure where given rit,, T},
and p,,, and p.u.Cy;, we can compute #1.,. Kendall
et al.[1] observed that by normalizing Eq. 5 using
Pu.Cy, the system becomes independent of the con-
ditions at the boundary layer edge and the Stanton
number. Eq. 5 was then normalized and rearranged
to read,

Bigyk,pg + B;yk,ca + Yke
By + B, +1

Yiw = a7

Rewriting the above equation in terms of B, we get,

Bé(yk,pg - yk,w) + (yk,e - yk,w)
(yk,ca - yk,w)

B =

c

(18)

where B; = titpg/petteCy and B, = titeq[pou.Cy. We
recall that B, is the key quantity extracted from the
B’-tables to compute the recession rate.



MUTATION-B developed for the system of equa-
tions outlined in the previous sections was used to
study an ex-phenolic pyrolysis-gas mixture in air.
Starting from a mixture of about 150 species (corre-
sponding to the species available in the JANAF [5]
and Gurvich [6] tables containing C, H, O, N), we re-
moved species from the mixture and checked that the
B’ obtained did not change in the temperature range
of interest, S00K - 4000K. With 4 elements (C, H, O,
and N) included, we were able to reduce the mixture
to 19 representative species: C, H, O, N, CH, CHy,
CO,C0,,CN, Cy, CLH, C2H;, C3,Cy4, Cs, HCN, H;,
H,0, N,.

1000 £

10

B'c

001 -

L | . | . | .
o001 1000 2000 3000 2000

Temperature [K]
3e407 T T T . .

— Bg=10

— 25

— 1

— 0.1

2e+07 — 0.05
0.01
0.001

— 0.00001

le+07

Total enthalpy of the mixture

. . .
1000 2000 3000 4000
Temperature [K]

Figure 2: Char rate consumption rate as a function of temperature
for a range gas injection rates. The mixture is assumed to be at
p = 1 atm. The solid lines are from MUTATION-B, the symbols
are from MAT[9].

Figure 2 presents a typical B’ table. B. is plotted
on a logarithmic scale as a function of temperature for
a range of pyrolysis-gas injection rates, B;. The most
noticeable feature is the large plateau over a large tem-
perature range, illustrating the fact that B/ becomes
independent of temperature at low pyrolysis gas in-
jection rate. This illustrates the well known diffusion-
limited regime where all of the oxygen transported
from the boundary layer edge to the control volume
is consumed at the surface. In other words, in this
regime, the surface recesses at the same rate inde-
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pendently of the temperature. The gas composition
at the wall is plotted in Fig. 3 as a function of tem-
perature for small 7i1,. It shows that the gas compo-
sition at the surface is independent of temperature in
the diffusion-limited regime. At the surface, all of the
oxygen available has been consumed by the carbon
and is in the form of CO for intermediate tempera-
tures. At lower temperatures, CO, is predominant at
equilibrium (Boudouard equilibrium); therefore, two
moles of oxygen are now necessary to remove one
mole of carbon (this corresponds to the lower plateau
on the left side of Fig. 2). At very high temperatures,
the sublimation regime is observed leading to a sharp
increase in the ablation rate.
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Figure 3: Species mole fractions over temperature for p = larm and
given rityg

2.4. Effects of the thermochemical tables on the B’ -
tables

A key dataset for accurate estimates of ablation
rates is the equilibrium constants needed to compute
the equilibrium composition. The equilibrium con-
stants are directly related to the value of the Gibbs
free energy used for each species. At least three dif-
ferent databases are available to compute the Gibbs
free energy, g;, from equations (8) and (14). An option
is to use polynomials with coefficients obtained from
the CEA[4] or the JANAF [5] thermochemical tables.
Another option is to re-compute the Gibbs free energy
using a rigid-rotor/harmonic-oscillator approximation
based on Gurvich spectroscopic constants.

Figure 4 compares B’-tables computed using the
three methods. Significant differences are observed at
high temperatures in the sublimation regime. These
differences will impact the predictions of material
response to high-enthalpy environments.[11] Further
work is necessary to analyze and decide on the most
appropriate database for use in material response



codes. An objective of the present work is to identify
the parameters that impact the B’-tables by revisiting
the original derivation and identify/verify the approx-
imations used in the formulation.
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Figure 4: Comparison of Gurvich fit, JANAF fit and Rigid ro-
tor/Harmonic oscillator

3. Stagnation Line Formulation

A major approximation in the previous B’-tables
formulation is reliance on the transfer potential ap-
proximation, Eq. 4, to compute the diffusion trans-
port. In the next section, we relax this approxima-
tion by solving the Navier-Stokes equations along the
stagnation line and compute the species transport. The
one-dimensional stagnation line equations are derived
in this section from the boundary layer equations in
cylindrical geometry. This simplification to the full
Navier-Stokes equations enables us to have realistic
chemistry transport models coupled to an equilibrium
chemistry approximation at the boundary. We will
show that this formulation will provide us with a pow-
erful tool to develop B’-tables.

3.1. System of Equations

The governing equations written in conservative
form read,

0Q 9G(Q) A IFQ) _
or - Ox * dy

S 19)

where Q is the conservative variable vector, G and
F are the flux vectors, S is the source term, x is the
coordinate system along the body, and y is along the
stagnation line (see Fig.5).

Starting with the 2D axisymetric boundary layer
equations [12], we expand the dependent variables,
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Figure 5: Coordinate system used where x is along the surface of
the body and y is along the stagnation line

Q;, in a Taylor series about the center line, Q;(x, y, t) =
0i(0,y,6) + 0i1(0,y,Hx + 0;2(0,y, H)x%/2 + ..., where
Q;; = 8/Q;/0x’. Substituting the expansion into the
boundary layer equations and taking the limit x — O,
we get

1Y pv
Al pi 0 piv+Jy;
a. + 4 ou
ot| pu, dy| pvuy—p5e
pe pvh + ¢
—2plxt’1
w; —2piu
ol TR T (20)
PUY, ~ PVe gy le PUT
—2pu,1h

Where v is the velocity along the stagnation line di-
rection y, u; = Ou/dx is the partial derivative with
respect to the wall direction of the velocity in that di-
rection,

in = _pDimayi/ay (21)
is the diffusion flux,

¢ = —A0T |dy + Z Jyihi, (22)

is the heat flux, and p; is the mass density of species i.
The mixture mass density is given by the expression
p = >;pi- The mixture energy e = }; y;e;. The mass
fraction y; = p;/p, mixture enthalpy & = e + p/p, and
pressure p = pRT Y;y;/M;, with M; the molar mass
of species i. The production term of species i is given
by w;.

The properties of the species are computed as-
suming a rigid rotor and harmonic oscillator ap-
proximations; spectroscopic constants are taken from
Gurvich[6]. The transport properties are computed
following the Chapman-Enskog method. To estimate
the viscosity and thermal conductivity, we solve the
transport system using the conjugate gradient method.
The collision integrals are computed using polynomi-
als from Park[13]. This provide us only with Q-1
and Q%2 we have set Q2 and Q@D to zero. The



diffusion fluxes have been computed with the follow-
ing approximation for Fick’s law:

1- Xi
2 %j/Dij

where 9 is the binary diffusion coeflicient.

Dy = (23)

3.2. Boundary Conditions for the Stagnation line for-
mulation

To complete the system, boundary conditions need
to be established for the stagnation line formulation.
The boundary conditions of interest for coupling to
the control volume formulation are as follows:

Boundary condition at the edge:

At the stagnation line, the height of the boundary
layer cannot be defined in terms of the streamwise
velocity, and the size of the domain can be arbitrary
as long as the assumption of constant pressure holds.
Magin[10] defines the edge of the boundary at the
stagnation line to be the inflection point of the veloc-
ity gradient that is either measured or obtained from a
simulation.

At the boundary edge, we specify the species den-
sity, pil., the normal (to the stagnation line) derivative
of the normal velocity, u |, the temperature, T,, as
well as, du,1/dyl.. The last term provides information
about the shape of the heat-shield in the stagnation
line approximation.

The normal velocity at the edge, v|,, is computed by
integrating from the wall to the boundary edge using
the continuity equation. This insures mass conserva-
tion under the constant pressure constraint.

The gas composition at the boundary layer edge,
Piles 18 assumed to be in chemical equilibrium. This
assumption is valid for large bodies or when the
shock is far from the body.

Boundary condition at the wall:

At the wall, the blowing velocity is computed from
the relation v,, = (ri1cq + 1i1p,)/py and the species mass
fraction, y;|,,, is obtained from the TCV formulation
for a fixed T,,. We set u|,, = 0, i.e. the pyrolysis gas
is injected normal to the wall.

3.3. Change of variables

A common problem in reacting flows is that the
temperature is needed to compute the properties of the
gas, such as the transport coefficients D;,, u, A, and
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the production term w;, but temperature is not a con-
served variable and needs to be derived from the in-
ternal energy. In addition, the density, p, is computed
using the equation of state to ensure that the pressure,
p, is constant in the domain. The vector unknown of
interest is then: U = [v, p;, u 1, T]T.

Because the natural unknowns in the integration
procedure is the vector of conserved variables Q =
Lo, pi» pit 1, pe]T, the following change of variables is
required: 6Q = I'6U, where I' = dQ/0U. This will
lead to a singular matrix, but this has no effect since
we are only interested in the steady-state solution. Our
equations are written as follows,

U IFQ)
E + a—y =S (24)

3.4. Numerical procedure: time and space discretiza-
tion

The governing equations in conservation law form
are solved numerically by means of a finite volume
method. The first-order implicit (backward) Euler
scheme is use to discretize in time. Second-order dif-
ferences on a staggered mesh are used to discretize
space.[14] The fully discretized equation for cell i at
time step n is:

A,‘éU,;] + B,’éU,‘ + C,‘5U,'+1 = R7 (25)

where 6U; = U;’“ - U{‘ and the matrices A;, B;, C;
and vector R! are:

o
o=l
Rl’.‘le’-'—ALy(Fﬁ]/z—F;’—l/z) (29)

The variables within cell i are coupled to their
neighbors i — 1 and i + 1. Writing Eq. 25 for each
cell gives us a block tri-diagonal system which is in-
verted using the generalized Thomas algorithm. This
can be solved for each 6U? so that the solution can be
advanced in time: Ulf“' = U! + 6U; . We note that
we are not interested in the time-accurate evolution of
the solution, the time dependence being kept only for
convergence purposes.



All variables are cell-centered except for v which
is computed at the interface (staggered grid) to ensure
pressure-velocity coupling at low speed. This would
not be possible by means of a preconditioning tech-
nique, since p is constant inside the boundary layer.
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Figure 6: Species-density and mass fraction distribution at the stag-
nation line of a simulated VKI plasmatron[15] experiment on an
ablative carbon-phenolic surface

3.5. Simulation of an ablating sample in the VKI plas-
matron

We have implemented the stagnation-line formula-
tion in a code that we call MUTATION-SL and have
verified the implementation by comparing our results
to results from the boundary layer code of Barbante
[15]. In what follows, we present results for our sim-
ulation of the VKI “plasmatron” torch on an ablative
material where we have set p, = 101325 [Pa], T, =
4640 [K], w1, = 1143[s7'], uale = 82069.[m~'s7!].
The wall was set at T, = 3200 [K], with phenol mass
injection of m,, = 0.1 [Kg m~?s™']. The velocity at
the wall and at the boundary edge were computed to
be v, = 221 [ms™'] and v, = 25.7 [ms~!] respec-
tively.
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Figure 7: Effects of frozen chemistry compared to finite rate chem-
istry species-density and mass fraction distribution at the stagna-
tion line of a simulated plasmatron [15] experiment on an ablative
carbon-phenolic surface

Figure 6 shows the species mass fractions as a func-
tion of the distance from the wall. At the boundary
layer edge we have mostly atomic oxygen and nitro-
gen entering the boundary layer. Some mass gets con-
vected as seen in the total density of the N, profiles
near the wall. It should be noted that it is hard to dis-
tinguish between convection and consumption of the
species. However, we observe that the atomic species
O and N become negligible at the wall. We have ox-
idation and nitridation as reflected in the profiles of
CO and CN. All of the atomic oxygen, O, and atomic
nitrogen, N, are consumed at the wall. The main reac-
tion near the wall is the carbon oxidation reaction that
produces CO: C + O — CO. The second important
species produced at the wall is hydrogen, H,.

It observed in non-equilibrium Navier-Stokes sim-
ulations that frozen chemistry for air is a good approx-
imation in the boundary layer. In Fig. 7 the composi-
tion profiles for frozen chemistry and finite rate chem-



istry (with and without the reaction term w; in Eq. 20)
are compared. We find that frozen chemistry holds un-
til the gas from the flow environment start to interact
with the gas from the ablation products. We also ob-
serve that the slope of the two main species at the wall
does not change. This is an indication that the con-
centrations of CO and H, are close to equilibrium, but
the minor species, C3 for example, is not. The impli-
cations of active chemistry near the wall may become
important at high entry speeds where we expect high
temperatures and higher blowing rates.

4. Computing B’-tables using the stagnation line
formulation

The complete system of equations for the equilib-
rium boundary condition at the wall is given by Eq.
15; without the transfer potential approximation, the
mass balance at the wall reads,

mpgyk,pg + mcayk,ca - jk,w
(mpg + Hiteq)

yk,w(mca) = 30)

The strategy that we will follow is to compute the
species diffusive flux at the wall ji,, = 3, VZ%in,w
from the stagnation line approximation.

4.1. Marching procedure

The boundary layer formulation as well as the TCV
formulation require information from each other: the
Stagnation Line requires v,,, y;,, and ji,,; the TCV for-
mulation requires j,,, as well as p,u,Cyy.

To build a B’-table, we need to be able to fix Bé and
vary T,,. Our iteration strategy is shown schematically
in Fig. 8,

Converged

B'c

B'g

—>mpg—»| Thin —w " | stagnation —reuech
reuecm Control v Limg

jk,w > Volume VW >

— Jk.w—‘

Figure 8: Marching strategy followed to compute the By, give B,

Pr=le=1

The simplest case to compare the formulation in
MUTATION-B with the current formulation is for the
case where Le = Pr = 1 is assumed to hold. In that
case, the B’-table user assumes p.u,Cy = p.u.Cy =
¢w/(he — h,). We start with the stagnation line ap-
proximation to compute the cold wall case. This
gives us r.u,Cy. For a given B;,, we compute 7i1,,, =
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peueCMBg,. Having r1,,, we iterate to compute Y,
and 7i1,. Having, values for 71, and 7.,, we can com-
pute the velocity at the wall v,, = (710, +1i1)5)/py. The
wall conditions are taken as input to the Flow solver
which in turn gives us a new p.u.Cy = ¢,/ (he — hy,)
that needs to be iterated. Once the process has con-
verged, we have B, = rie,/p.u.Cy. At this point we
are ready to move to the next By.

4.2. Preliminary B’ -tables comparison

Because the transport properties are not known for
all of the pairs of species present in the mixture that
were used to produce Fig. 2, we have reduced the
number of species to a set for which all the transport
coefficients are available. We reduce the mixture of
19 species that we have discussed previously, to the
11 species set: C, H, O, N, CO, CN, C,, C,H, Cj3,
H,, N».

B'c

01 —

Figure 9: B (char consumption rate) as a function of tempera-
ture for a range of By, (mass injection rate) rates for p = latm.
The solid lines are from MUTATION-SL, the dashed lines are from
MUTATION-B

Figure 9 shows a comparison between the stagna-
tion line formulation in MUTATION-SL, and the for-
mulation in MUTATION-B. We find surprising agree-
ment between the two formulations given that the
species profiles (shown in Fig. 6) show little similarity
to each other. The B’ generated by MUTATION-SL
include the effects of blowing.

Figure 10 compares B, profiles computed using
frozen chemistry to the profiles generated using finite-
rate chemistry. These results are not surprising be-
cause we have seen that the effects of chemistry on
the profiles of the major species are not strong, and
that B/, in the diffusion limited regime, is a function
of the atomic oxygen and atomic nitrogen supplied to
the boundary, and these are the same for the frozen
and equilibrium chemistry.
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Figure 10: B, (char consumption rate) as a function of temperature
for a range of B/, (mass injection rate) rates for p = larm. Compar-
ison between Finite Rate Chemistry and Frozen Chemistry

5. Summary and Conclusions

A stagnation line formulation has been developed
to compute the gas surface interactions between an
ablating surface and a chemically reactive flow. We
find little effect of the treatment of chemistry on the
species profiles for the conditions that we have con-
sidered. We also find that the frozen chemistry ap-
proximation yields reasonable results when compared
to treating the chemistry with finite-rate reactions.

The classical Thin Control Volume formulation has
been implemented in a way that easily couples to a
stagnation line approximation (T', p, 11, as input, 7.,
as output). A procedure using the stagnation line ap-
proximation has been developed to evaluate the stan-
dard approximations used to build B’-tables. The new
formulation builds into the B’ tables the effects of
blowing on the boundary layer transport.

We find that the tables are sensitive to the polyno-
mials used to generate them. But at the conditions
tested, the transfer potential approximation seems to
hold surprisingly well.

Finally, comparing B’-tables using CEA data,
JANAF data, and a rigid-rotor and harmonic-oscillator
approximation, we find important differences at high-
temperatures.
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