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Abstract. Meteor phenomenon is a frequent event happening on planet Earth. Due to the high entry velocities of these objects,
the surface of the material undergoes extreme heat loads. Since the material is mainly composed by several oxides, eventually, the
surface temperature will overcome the melting point. In this study we propose a melting model, in order to understand the material
behavior, coupled with a flow solver. A detailed study of the flow around the stagnation streamline is also presented.

Introduction

From 50 to 100 tonnes of meteoroids enter Earth’s atmosphere every day. Entry velocities can vary between 11.5 km/s
and 72 km/s, and these strong hypersonic conditions lead to extreme temperatures on the surface of these objects.
Since most of the meteoroids are composed by oxides, such as SiO, and MgO, the extreme heat loads at the surface
promotes the material to melt and eventually to evaporate. Overall, this process leads to a huge amount of mass
deposition in the upper atmosphere and is the main reason of the growing interest in studying the ablation of these
space objects. During the meteoroid disintegration, ablation products interact with the ionized gas surrounding the
meteoroids and are driven to the wake giving a signature that can be detected by radars. The detection of meteors aims
to answer questions such as: “What is the real meteor incoming flux?” and “What is the influence the mass deposition
into the upper atmosphere for aeronomy purposes?”

Recent efforts have been made by the Belgian Institute for Space Aeronomy in order to predict velocity and
trajectory of the meteors, by means of an innovative technique based on radio waves. The Belgian Radio Meteor
Stations (BRAMS) experiment, consists in a series of receivers spread all over Belgium to collect and standardize the
meteor observation data. In brief, a signal sent by a transmitter, is first reflected by the free electrons in the trail of
the meteor, and then captured by the ground receivers (Forward Scattering technique) allowing for the study of the
meteor atmospheric entry. One of the main objective of this project is the computation of the meteoroid flux densities.
However, this quantity is hardly quantifiable from the lone radar observation, and it is necessary to rely on comparison
with numerical models to have an estimate of it. In this scenario, the necessity of having the capability to numerically
reproduce the meteor entry finds its room.

Current ablation models [1], are based on the Knudsen-Langmuir. These kind of models disregard any melting
of the material considering only evaporation once the melting temperatures is reached.

The development of melting models was initially conducted in the 50’s by Bethe and Adams [2]. The use of
glassy materials as protection of spacecraft vehicles led to deep study of the melting phenomenon. More recently,
with the advances of the metallurgic industry [3], there was a necessity to improve such models. Moreover it has been
observed from the meteorites recovered in the ground [4], an importance in considering this phenomenon.

The study of meteor ablation mentioned above, are used to understand the mass deposition in the atmosphere.
However, since they were conceived to study the ablation of small particles in the upper atmosphere, they usually rely
on a zero dimensional approach and lack of an accurate treatment of the particle interaction with the atmosphere from
the fluid dynamic point of view. Therefore, for meteoroids big enough to survive this first phase of the atmospheric
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entry, a different approach has to be sought. Moreover the study of material melting and its possible removal by
mechanical forces is often neglected.

In this work we propose to study the meteor ablation with a numerical approach similar to those used in the
aerospace community to model the gas-surface interaction over TPS materials. A material solver has been developed
in order to solve the Stefan problem and understand better the melting of meteors. Furthermore, the material solver
has been coupled with a 1-D Stagnation-Line CFD solver with an integrated evaporation boundary condition and part
of a meteor-entry trajectory has been computed in a coupled fashion.

Flow field radiation

At the range of velocities typical of meteor phenomena, radiation becomes highly significant, the intense light ob-
served during a meteor entry is mainly due to the radiation of the air and metallic species, where the latter are coming
from ablation products.

By solving the radiative transfer equations (RTE) one can determine the spectral radiative intensity, therefore,
the radiative source terms, P and P"*VE and w;‘“d. The production or destruction of species, a')lf‘“’ , due to radiative
processes such as photoionization and photodissociation and the radiative source terms are shown in detail by Sou-
casse et al. [5]. Solving the RTE by conventional methods such as Line-by-Line (LBL) becomes computationally very
expensive for complex molecular spectra.

Recently, Lamet et al. [6] presented a hybrid statistical narrow band model (HSNB) showing an accurate de-
scription of the radiative flux with low CPU costs for non-ablative materials. Later Scoggins et al. [7], extended this
approach for ablative TPS material.

The feature of the HSNB is that if the radiative mechanisms are statistically uncorrelated one can divide the
spectra into narrow bands and compute the intensity in terms of averages. The different mechanism can be separated
in two 3 contributions: optically thick molecular systems, optically thin molecular systems and continua, atomic lines.
Due to the weak spectral density of atomic lines, this contribution has to be solved by LBL methods. Scoggins et al.
[8] presents an atomic spectral mesh to optimize to the LBL method for atomic lines. Details about the HSNB can be
found in Refs. [6, 7].

Gas-Surface Interaction

The evaporation of a melted layer can be modeled by limiting the control volume to an infinitesimal thin lamina
where the surface is located. Typically mass conservation for the generic species i can be written in terms of a surface
mass balance (SMB)[9]. To solve this balance a suitable model to compute the surface reactions is needed, which in
general can be solved by heterogeneous finite-rate chemistry. However, this approach is not always feasible due to
the lack of specific data when more exotic surfaces are considered. In this case, a possible solution is then to consider
the heterogeneous mixture (hot gas phase and material surface) to be in thermochemical equilibrium at the local
conditions of pressure and temperature. As shown by Bianchi, Nasuti, and Martelli [10], when such an equilibrium
approach is considered, it is useful to write the SMB in terms of elements which reads as:

Jk,w + mevapyk,s = (PU)W Vi,w v k €e (1)

where (pu),, is the gas blowing, y;,, is the mass fraction of element k in the gaseous mixture at the wall, yy  is the
elemental mass fraction of the solid, 7 is the mass blowing rate and J;,, is the elemental mass diffusion. By summing
Eq. 1 over all elements, one obtains:

mevap = (Pu)w

and finally the mass blowing rate can be computed as:

J kw

—=" _ Vkes (2)
(yk,w - yk,s)

Heyq p =

where the elemental composition of the solid phase, y s, is known and the elemental composition of the gas can be
computed by solving a multiphase equilibrium problem. Once the equilibrium gas composition is known and the mass
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blowing rate, i1, is computed, the surface blowing velocity can be easily obtained as:

_ Meyap

Uy, =
P

3)

where p,, is the density of the mixture in gas phase at the wall. Finally the recession velocity, §, can be computed as:

§ = Meyap )
Ps

being p; the density of the solid phase.
The removal of liquid layer due to mechanical forces was first derived by Bethe and Adams [2]. By assuming the
steady-state incompressible governing equations, the tangential velocity was derived by the authors as:

0 o

dr 10P r
V = Tflow/me — + - dr 5
siewl ltfﬂ (T) RO flow/meltf/J (T) ®)
0 0

where by knowing the molten layer thickness, 6, Eq. 5 can be easily integrated. The liquid layer viscosity, for glassy
materials, is a function of temperature expressed by:

u(T) = exp([(a/T) = b))

where the coefficients a and b can be found in Bronshten [4] for ordinary chondrites. Finally the corresponding mass
flux due to mechanical removal is obtained by:

Hipelr = PimeltV

The total mass removal of the liquid layer has then contributions from both the evaporation and the mechanical forces.
Analogously one can consider a balance of energy fluxes entering and exiting the surface. The surface energy
balance (SEB) is described by:

. . ) or .
Geonv t Qrad,in t (mevap + mmelt) hc = EO—T‘i + mevaphw + kE + mmelthc (6)

where the terms on the left side represent the incoming convective heat flux (conductive heat flux and diffusive heat
flux), shock layer radiation and the energy of the solid due to mass loss. On the right side the fluxes leaving the surface
are represented by the re-radiation of the material, the energy of the gas composition at the wall, the material heat
conduction and energy lost due to liquid removal. By solving this non-linear equation, one can estimate the surface
temperature 7.

Numerical tools

The flow governing equations are solved through a CFD code where the SMB boundary condition, explained the
in previous section, is implemented. The flow properties are computed with the VKI physico-chemical library
(Mutation**). In order to study the effect of melting and estimate the liquid layer thickness, a 1D material code
has been built where SEB and liquid mass removal are solved.

Stagnation-Line Code CFD Solver

The 1D Stagnation-Line solver developed at the VKI by Munafo [11], resolves the Navier-Stokes equations along
the stagnation line of spherical or cylindrical bodies, where an illustration is shown by Fig. 1. This model leads to an
efficient way to calculate hypersonic flows with low computational costs. In this code the three-dimensional Navier-
Stokes equations are reduced to a one-dimensional approximation for the stagnation streamline by a system called
“Dimensionally Reduced Navier Stokes Equations” (DRNSE). The spatial discretization is done by finite volume
method and the time integration is computed by a Backward-Euler method. The stagnation-line equations read as:
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FIGURE 1: 1D Stagnation-Line illustration
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Where U denotes the volume-specific balance quantities, F'™ are the inviscid fluxes, F¥* the viscous terms, S

and S* are respectively the chemical and radiative source terms:

T

U = |pi pu. pv, pE, pe**]

. T
| D [piu, pu® + p, puv, puH, pueVE]

. T
FVlS = [Jri, %rr’ %re, qr + 7--rru, CI:/E]

. T
G™ = [Zpi(u +v), 2pu(u +v), 3pv(u+v) —2p, 20H(u + v), peVE]

vis = = = = = = = = ve|T
G" = [Jn, 2(Ty — Top + Tr0)s —Too + 3Ty0, 2(qr + Tprtt + Toglt + TrgV), 24 ]

T
§¢ = [af. 0,0, 0, Q]
Sl‘ — I:d)l'-ad 0 0 Prad Prad,VE:IT
i o Y YU s

The variables G™ and G"* are inviscid and viscous source terms arising from the DRNSE transformation, respec-
tively. The therm pe'” stands for vibrational-electronic-electron energy. Details regarding the radial heat fluxes, g,
and g"% as well the energy transfer source term, Q"% are given by Scoggins et al. [7].

MUlticomponent Thermodynamic And Transport properties for IONized plasmas in C++
(Mutation**)

The closure of the multi-temperature Navier-Stokes equations is done by computing thermodynamic and transport
properties. Mutation™ is a library built at the VKI by Scoggins [12] where thermodynamic properties are computed by
the Rigid Rotor Harmonic Oscillator model while transport properties are derived by the Chapman-Enskog expansion
from Kinetic Theory [13].

Multiphase Equilibrium

Accurate chemical equilibrium solutions are necessary to have a proper estimation of the therm yy ,, in Eq. 2. As shown
in Table 1, the meteor under investigation (Ordinary Chondrites) is composed by three elements.

Recently an equilibrium multiphase solver based on the Gibbs function continuation method was developed at
VKI by Scoggins and Magin [14] and implemented inside the library Mutation**. The solver proved to be very robust
by converting the minimization of the mixture Gibbs free energy into an initial value problem which can be easily
integrated. Furthermore, the solver has the capability of imposing any constraint in order to treat multiple surface
components, which becomes a useful approach, when the actual evolution of the surface is unknown.
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TABLE 1: Meteors surface properties

Composition*  Elemental composition®* Density [kg/m?]

Si0, 0606 Si 0232
MgO 0394 Mg 0.152
0 0616

3000

4 Mole fractions are shown.

In brief the ratio between each element in the condensed phase is always respected in the gaseous products. By
doing this, it can be ensured that in the case of ablation all the surface elements are changing phase with the same rate
and the surface composition is always clearly defined.

Melting material solver

The study of meteor melting is essentially a Stefan problem. By solving the heat equation in spherical coordinates,

OT 19 (, 0T
pCp (T)E = r—za(” ka) (8)

one can compute the temperature throughout the material and the melted layer can be estimated. Since the material
presents different phases, a thermodynamic property such as the c,, has different values for the corresponding phases.
Therefore in order to define accurately the molten interface one must build ¢, as a function of temperature. This means
that the ¢, of the solid region (1050 J kg~! K1) is different from the liquid (1650 J kg~' K~!) and the corresponding
solid/liquid interface will be represented as a discontinuity in the property. Moreover for simplicity it will be assumed
symmetry between the polar and azimuthal angles transforming the domain into one dimensional. This hypotheses
was posed by Bronshten [4], where is stated that, due the rotation of the meteor, the surface temperature tends to be
uniform. To solve Eq. 8 an unsteady finite differences solver was built. The time integration is done by an explicit
method. Since the material is recessing due to evaporation and mechanical removal, the change of the domain must
be considered. This is done by building an updated domain at each time step and remapping the solution on the new
mesh.

Solvers coupling strategy

As mentioned before, a coupling between material and flow solver is needed. Once the steady state solution of the
flow is reached, convective heat flux and evaporation rate are exchanged with the material solver. Then the material
solver is responsible for solving the transient solution in a predefined macro time step where the SEB is computed at
each internal time. Once the desired time step is reached the surface temperature is provided to the flow solver for the
next trajectory point.

For the presented analysis an implicit coupling was chosen [15]. This type of coupling allows for time varying
properties into the material solver. In other words, after obtaining the wall temperature from the material solver, the
stagnation-line code is run a first time to compute the initial guess of mass blowing rate and convective heat flux.
These quantities are linearly interpolated with those computed at the end of the previous trajectory point. The time
varying quantities are assigned again to the material solver providing a new solution for the wall temperature. This
procedure is repeated until converge is reached, i.e, once the wall temperature difference between two iterations is less
than 50 K.

Test case and results

We considered a 1 cm radius ordinary chondrite with a constant velocity of 15 km s~! along the trajectory. The
trajectory was defined to start at 60 km, ending at 50 km altitude, thus, the total trajectory time for this conditions
corresponds to 0.67 s. This trajectory was divided into 10 points where the solvers coupling methodology mentioned
before was employed.
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FIGURE 2: Temperature profile along the stagnation streamline
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FIGURE 3: In-depth material temperature along trajectory

The ablation species injected into the flow field were considered frozen due to the lack of specific data on their
chemical reaction rates. Differently, air species were modeled with finite rate chemistry with reaction rates taken
from Park, Jaffe, and Partridge [16]. A two-temperature model was used for these simulations, i.e., T = T,, and
Tvip =Tese-

Figure 2 shows the temperature profile along the stagnation streamline at 60 and 50 km altitude. From Fig. 2(a)
is visible the shock roughly located at 0.2 cm from the surface, being very diffused due to the altitude conditions.
The maximum translation temperature reaches values around 70000 K and drops abruptly to the surface. The intense
non-equilibrium between translational and internal temperature is also visible around the shock layer. Comparing the
previous figure with Fig. 2(b), the latter presents a reduced shock layer thickness. This is due to the increase of the
free-stream pressure avoiding the shock layer at 60 km to be as diffused as at the previous altitude. From both figures
it is also visible a thermal non-equilibrium in the free-stream region. This process occurs due to photoionization
reactions in that region. In other words, due to strong radiative field, the photons cross the shock wave colliding with
the neutral species in the free-stream.

Figure 3 shows the temperature profile inside the material for the different trajectory points. It is visible that the
surface temperature, around 3000 K, remains almost constant along the trajectory. Since the recession of the material
is much higher than the thermal diffusion speed of the material, it is noticeable a steep temperature profile around the
surface, leading the core of the meteor to remain unchanged at 300 K. One can notice, from the temperature profiles,
that the recession of the material due to evaporation and mechanical removal, is around 0.75 cm for the full trajectory.

Then molten thickness along the trajectory is shown in Fig. 4. It is visible a very thin layer mostly due to the high
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FIGURE 5: Heat flux and mass removal

mass removal by mechanical forces as shown by Fig. 5(b). The biggest contribution of the mechanical removal is due
to the stress forces, i.e. the term 7 fy5,/mers in Eq. 5. The mass removal due to evaporation remains limited due to fact
that the surface temperature does not reach the material sublimation point.

Finally Fig. 5(a) shows the contributions of heat flux to the surface. The high temperature gradients next to
surface drives the convective heat flux to be the major contribution to the total heat flux. The radiative heat flux is
rather small when compared to the convective contribution mostly due to the small shock layer thickness.

Conclusion

A model to study the meteor ablation at low altitude has been proposed and implemented. The chosen parameters
(trajectory, entry velocity and material size) were selected arbitrarily with the purpose of presenting a different ap-
proach from the one proposed by the state of the art. The model takes the clue from the strategy used to evaluate the
gas-surface interaction on the heat shields of re-entry capsules. In order to study the material response under the harsh
entry environment, a material solver was built with the main objective of studying the removal of the molten layer
of the meteor. Considering the fact that the material solver requires information from the flow, namely the boundary
layer, a coupling with a flow solver was required.

A trajectory (60 km to 50 km altitude) of a 1 cm ordinary chondrite meteor entering at 15 km s~! was studied.
Under this conditions it has been observed that the main responsible for the of mass removal is the mechanical removal
leading to a very thin molten layer along the trajectory.

It is important to mention that at this conditions double ionized species should be considered, such as N** and
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O™, which may allow a decrease of the translational temperature in the shock layer. Also the radiation of the ablation
products was not considered, the absorption of these species may act as cooling effect of the shock layer.

Further comparison of the proposed melting model with experimental results are needed. The model developed

for melting can be used to study larger meteors at altitudes where the continuum assumption is valid, such as fireballs.
Most of the BRAMS observations are conducted above 80 km altitude where rarefied gas effects prevail. The melting
model can be coupled to a DSMC method to study these conditions [17].
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