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ARTICLE INFO ABSTRACT

Keywords: A set of 28 different meteorites was tested in 32 ablation experiments in the plasma wind tunnel PWK1
Meteorites at the Institute of Space Systems. All meteorites were exposed to the same flow condition in consecutive
Image processing experiments. This paper presents the detailed analysis of high-resolution images taken by DSLR cameras during
Meteors

26 experiments on 22 different meteorites. It is seen that the ablation behavior of the meteorites differs in
the way the material melts and flows downstream. While some meteorites appeared more viscous and most
material remained connected to the main body, other samples suggest a much lower viscosity as the material
was carried downstream and released droplets to the flow. Most droplets of molten material were seen for
the two most carbon rich samples from meteorites Murchison and Dhofar 1575. The release of blue colored
particles was observed for several meteorites, independent of the viscosity. In contrast to the molten droplets,
the blue particles also traveled up to a few millimeters upstream. The abundance of these blue particles is

linked to the iron content. Close to no particles or droplets were observed for achondritic samples.

1. Introduction

Every day between 50 and 100t of meteoroids enter the atmosphere
of the Earth (Flynn, 2002). In addition to the study of potential risks
through meteoroids a focused effort is also undertaken for the investi-
gation of meteorites as a possible source for organic compounds, which
might have contributed to the evolution of life on Earth (Park and
Brown, 2012; Jenniskens, 2006). The observation of meteors presents a
key aspect of research dedicated to this field (Jenniskens et al., 2016),
supported by similarly important analyses of meteorites collected from
the ground after their entry. Remote observations using optical meth-
ods are used as a means to learn about their characteristics. Remote
observations are conducted in very different frequency intervals, from
UV light to radio observation networks. In the present study, we only
consider visible light, i.e. 400-700 nm, and the term remote means
the visible only. Most observed meteoroids are vaporized during entry,
making a post-flight material analysis impossible (Flynn, 2002). Among
the meteorites that are found, on the other hand, few were observed
during entry. Ground experiments of collected meteorite samples offer
a suitable method to close the gap between remote observations and
post-flight analyses (Loehle et al., 2017). Wind tunnel experiments with
meteoroid substitutes, basalt and gabbro, have been conducted already
in 1967 by Shepard et al. (1967). The authors describe the visual
impression of the melting, vaporization, and fragmentation. It was
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suggested that the behavior is affected by the varying viscosity of the
different samples tested. In recent years, there has been an increased
interest in ground tests similar to our setup from 2017 (Agrawal et al.,
2018; Helber et al., 2019; Panerai et al., 2021), though the number of
conducted test campaigns was quite low.

From 2020 to 2022, we, i.e. the High Enthalpy Flow Diagnostics
Group (HEFDIiG), conducted three campaigns of meteorite testing in
the plasma wind tunnel PWK1 at the Institute of Space Systems (IRS)
under aerothermal loads representative of an actual atmospheric entry.
A detailed description of the test campaign and a discussion of the
investigations with respect to previous similar work in the literature is
presented by T6th et al. (2023) and Loehle et al. (2023). In addition to
several emission spectroscopic setups (Loehle et al., 2023; Pisarcikova
et al., 2023) and thermographic cameras (Leiser et al., 2023) multiple
digital single-lens reflex (DSLR) cameras were used for high-resolution
visual investigation of the meteorite ablation during the experiment.
The focus of this paper is the analysis of the DSLR imaging. The moti-
vation for using the DSLR cameras was to investigate general ablation
mechanisms of the meteorites as well as the study of processes that
occur on a small spatial scale. This kind of data is a valuable addition
to the sets of remote observation data from actual meteors, where
small spatial features cannot be resolved. Thus, a main motivation of
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this paper is to provide a visual reference for the meteorite research
community.

The visual observation of a shooting star in the laboratory can rely
only on some obvious features if no quantitative measure is available.
As will be shown, the meteorite samples show a distinguishable melting
and/or droplet development behavior. We attribute this to their rheo-
logical differences. Theoretically, the viscosity is the variable for glassy
materials to be determined. In geology, this is usually derived from
the material composition of the sample. Many numerical models for
meteoroid entry simulations rely on the ablation behavior description
of Bethe (1959). It is described that the interaction of the glassy
material of a meteorite with the hot gas flow is negligible with respect
to the liquid motion. The reason is that the glassy material has a very
high viscosity compared to the boundary layer gas. The developing
vapor, however, interacts with the flow and has a considerable ef-
fect on the boundary layer properties. For the present analysis, this
means that we can observe the development of the melting meteorite
rather independently from a potential consideration of the effect on the
flowfield, or — vice versa — the high-enthalpy gas flow which is the
same for all samples has only a minor effect on the development of
the melt of the meteorite sample. Thus, the melting behavior, i.e. the
visual observation of the development of the heated sample can be
considered an effect of the bulk material property of the samples. The
physical property showing the behavior of a liquid glassy material is the
viscosity. Therefore, our logic in this paper is that the samples showing
different melting behavior is related to the viscosity. A possible effect
of more volatile components possibly present in some of the samples,
e.g. potassium or sodium, can be neglected in this regard, because their
contribution is too small to have a considerable effect (Loehle et al.,
2023).

A different set of samples fragmenting quickly into several smaller
fragments is related to the effect we call spallation in atmospheric
re-entry thermophysics (Grigat et al.,, 2022). The incoming heat is
generating a large amount of thermal stress that disintegrates some
samples. These samples do not melt. Meteorite samples under this
category are not considered to be affected by viscosity.

2. Experimental setup

A detailed description of the experimental setup, the testing strategy
and ground-to-flight comparability are described in detail in Loehle
et al. (2023). The PWK1 facility consists of a vacuum vessel with a
length of 5m and a diameter of 2m. The magnetoplasmadynamic arcjet
generator RD5 is mounted on the movable front lid of the vessel. The
flow condition chosen for the experiments in this paper is representa-
tive of the entry of a spherical object with a diameter of 34.8 mm at a
velocity of 11.7kms™! at an altitude of 80km (Loehle et al., 2023). The
flight parameters are based on the re-entry of the Hayabusa capsule
in 2010 (Loehle et al.,, 2012). This condition has been investigated
extensively in the past and was therefore chosen for this campaign as
reference data are available. Meteoroid entries occur between 10 km/s
and 70km/s, so this flow condition is the lower limit of real meteoroid
entries. The ground-to-flight comparability is based on the concept
of local heat transfer simulation (LHTS) (Kolesnikov, 1999). The flow
conditions are given in Table 1. The resulting heat flux based on a cold
wall copper heat flux measurement is given additionally.

Before each experiment, the sample was moved to the side for the
facility startup. As soon as the desired flow condition was set, the
sample was moved to the center of the plasma flow, which marked the
beginning of the experiment. The experiments lasted between 2 and
10s and ended with the shut-off of the plasma generator. In some cases
the entire meteorite was melted and all material removed before the
plasma generator was shut off. Other experiments were stopped earlier
to allow for a post-test analysis of the sample.

In all three test campaigns, a DSLR camera of type Canon EOS
5DSR was mounted on top of the facility. The object distance was
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Table 1

Plasma wind tunnel condition (Loehle et al., 2012).
Parameter Value
Mass flow i 18.0g/s
Ambient pressure p, 16.6 hPa
Total pressure p,, 24.3hPa
Arc current [/ 1220A

Arc voltage U 133V

Electronic power P 162kW

Probe position X = 270 mm, y = 0 mm
Mass-specific enthalpy s 70 MJ/kg

Heat Flux ¢” 16 MW/m?

approximately 2.5 m. The camera was equipped with a zoom lens with
a focal length of 150 to 600 mm and a 2x teleconverter. The focal length
was set to 863 mm in the second campaign and to 1200 mm in the first
and third campaigns. The resulting nominal resolution of 13 pmpx~!
and 10pmpx~' presents an unprecedented level of detail for visual
analysis of the ablation behavior of meteorites during ground testing.
Together with the short exposure times of 125 ps, it can be guaranteed
that the seen effects are not due to some smearing during acquisition.

The intensity variation between bright molten material and rela-
tively cold meteorite regions poses a challenge to capture all details
with the DSLR cameras. The cameras were set to auto-exposure bracket-
ing mode, to account for these extreme demands towards the dynamic
range. This allowed to take photos with three varying apertures in a
series. Exposure time was set to 125 ps in all experiments. In this mode,
the images were taken in bursts of three exposures at a frame rate of
5Hz with a short break between each burst. This resulted in an overall
frame rate of approximately 4 to 4.5Hz at a sufficiently high dynamic
range for the observation of melting details and fragmentation.

3. Samples

A total of 32 experiments were conducted on samples from 28
different meteorites. High-resolution DSLR images are available for 26
experiments. The samples varied slightly in shape, size, and mass. Most
samples were machined to cylinders with a diameter of 10mm and
a length of 10mm. However, the brittleness of some samples did not
allow proper machining, leading to irregular shapes in some cases. The
samples were glued or clamped to a copper screw that was attached to
a water-cooled brass probe with a solid copper head.

An overview of the classifications and compositions of the mete-
orites tested was given by Leiser et al. (2023) and is reprinted in
Table 2. Téth et al. (2023) provide a comprehensive overview of all
experiments and samples.

4. Results

The following two subsections provide the results of the analysis of
the DSLR-data. Sample pictures are shown in Figs. 1 to 7.

The first analysis is carried out to categorize the behavior of the
samples. From the visual inspection of the experiments with the DSLR
cameras, there were three different types of behavior apparent: (1)
longer streaks of material still connected to the actual sample on the
holder, (2) samples with molten droplets realeased from the main
fragment and (3) samples with small quickly released fragments. We
consider the first two phenomena as an effect of the different viscosities
of the sample, while the third is due to a rather weak conglomerate of
elements, which do not behave as glassy as the samples of the first two
categories.

Figs. 1-7 show DSLR images of all tested meteorites. For each sam-
ple two images are shown: One from the start of the experiment and one
close to the end. The total time of individual experiments was different,
depending on the sample material. However, the surface temperature
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Table 2
Classification and bulk composition in wt% of the tested meteorites separated by test campaign. For these samples average bulk composition for the respective meteorite class was
used.
Source: Table reprinted with permission from Leiser et al. (2023).
Code Name Classification Fe Si Mg Ca Al Ref.
KOS Kosice H5 28.86 16.51 13.8 1.58 1.07 Ozdin et al. (2015)
BUZ Buzzard Coulee H4 27.5 16.9 14.0 12.3 11.3 a
PUL Pultusk H5 27.21 16.97 14.14 1.25 1.18 Phelan et al. (2022)
RAG Ragland LL3 20 19.25 13.3 1.32 1.24 Recca et al. (1986)
KNY Knyahinya LL5 20.8 18.75 15 1.33 1.28 Kallemeyn et al. (1989)
CHE Chelyabinsk LL5 19.2 20.5 14.5 1.31 1.35 Kirillov et al. (2022) and Phelan et al. (2022)
ALL Allende CvV 23.16 15.94 15.47 1.84 1.82 Jarosewich et al. (1987) and Kusuno et al. (2013)
NWA NW Africa 869 L5 22.11 18.25 14.54 1.44 1.09 Metzler et al. (2011) and Phelan et al. (2022)
KLJ Kheneg Ljouad LL 5/6 18.5 18.9 15.3 13 1.19 2
MUR Murchison CM 22.24 12.92 10.94 1.14 1.14 Jarosewich (1971) and Phelan et al. (2022)
DHO Dhofar 1575 Ureilite 14.76 21.24 21.18 0.77 0.26 a
NCO Norton County Aubrite 1.67 24.85 24.47 1.33 0.38 Easton (1985)
SAR Sarcicisek Howardite 14.5 23.75 9.92 5.81 4.5 Unsalan et al. (2019)
STA Stannern Eucrite 13.95 23.12 4.21 7.61 6.49 McCarthy et al. (1973) and Kitts and Lodders (1998)
BIL Bilanga Diogenite 10.5 25.78 17.91 0.69 0.46 Barrat et al. (2008) and Kusuno et al. (2013)
MJO Mount Joy Octahedrite 92.72 1.09 0 0 0 Lewis and Moore (1971) and Wasson (1969)
LAN Lancé Cco 25.33 15.89 14.43 1.68 1.43 Kusuno et al. (2013)
LUN NW Africa 11303 Lunar brecchia 3.31 20.02 2.08 11.86 15.65 a
MIN Mincy Mesosiderite 11.2 22.19 11.02 3.78 3.54 Mittlefehldt et al. (1979) and Simpson and Ahrens (1977)
MOC Mocs L5 22.49 18.25 15.29 1.27 1.13 Miura et al. (1995) and Mason and Wiik (1961)
EAG Eagle EL 23.19 20.19 14.43 0.54 1.46 Olsen et al. (1988) and Phelan et al. (2022)
TIS Tissint Shergottite 15.34 21.6 10.31 4.65 2.57 Herd et al. (2013)

2 No data composition was available for meteorites.

established a constant value within the short (about 4 to 5 s) exposure
(see Leiser et al.,, 2023). In the figures, the samples are organized
according to the visual appearance of melting and fragmentation. Some
samples appear as if their molten shape is less elongated in the down-
stream direction. Other samples show a more severe flow of the melt
downstream. The last group of samples show the molten layer being
transported downstream rapidly in the form of tiny droplets. These
different behaviors are attributed to the material’s rheology, because
the main mechanism to release material is known to be shear forces.
The samples are arranged according to this melting behavior: Figs. 1
and 2 show similar behavior, i.e. the molten material sticks elongated
to the main body, Figs. 3 to 6 summarize the medium behavior, i.e. the
molten material is thinned out and transported further downstream and
Fig. 7 summarizes the samples where material particles were released.
If the melting behavior is related to viscosity, medium viscosity materi-
als clearly outnumber the other types. Interestingly, only five out of 22
samples were fragile enough to quickly release particles. The released
particles furthermore appear colder than the molten droplets seen in the
medium and high viscosity. The blueish appearance of cold fragments
is attributed to spalled particles at the surface which is discussed in the
next section.

Several approaches known from literature were tried to relate the
observation to known physical properties of the samples. The melting
behavior was tried to be analyzed based on the change of the shape,
which did not yield meaningful results for the fragments considered
here. The intensity ratios between the front side and the melt in the
back were analyzed, too, but no significant correlations were found.
For the melt, several empirical models from geology research for the
viscosity of melt were assessed (Hui and Zhang, 2007; Giordano et al.,
2008), but applying these models to meteorite samples led to viscosity
estimates varying by several orders of magnitude and were partly
unphysical. The models are based on the analysis of the oxide content.
However, it is the minerals that should be considered, since they drive
the physical properties. The oxides — as taken in numerical models —
are actually misleading, since it gives the impression that the oxides
correspond to something physical in the meteorite [private communi-
cation Prof. Dan Britt, University of Central Florida (UCF)]. A better

knowledge of the mineralogy of the meteorite samples and a suitable
viscosity model is required for a theoretical comparison. As the bulk
strength and viscosity is highly dependent on the mineralogy of the
specific samples, the models based on oxides are not applicable for the
purpose of this paper. Extending such a database is beyond the scope
of this paper. However, the conclusion drawn here, that the rheology
of the samples lead to a grouping of the samples holds, independently
from the theoretical description.

Figs. 1 and 2 show meteorite samples for which the ablation be-
havior corresponds to a higher viscosity sample. The droplets are
characterized by long molten material streaks, which remained at-
tached to the main sample body for the duration of the experiment.
While the front parts of the samples show many pores with significant
intensity differences between the pores and their surrounding material,
the molten material in the back is notably brighter than the front and
the surface of the droplets appears homogeneous. The brightness in the
back of the sample is most likely the result of a higher temperature as
the hot material is moved downstream and fewer cold pores are present
in the back. Though water was used during the cutting of the meteorite
samples before the experiments, the pores are unlikely to stem from
boiling of remaining water. While hydrogen line emission was seen in
spectral measurements during the experiments with hydrated minerals,
no hydrogen emission was seen in other samples, even those prepared
using water. The pores, on the other hand, are visible for all samples,
including those that were machined without the use of water. Possibly,
it is boiling of the material itself.

Figs. 3-6 show samples that exhibit a less viscous behavior. Long
clusters of molten material form and are released from the main frag-
ment. Again, in most cases the material flowing downstream appears
brighter than the material in the front. Most of the tested meteorite
samples were observed with this intermediate viscosity behavior. Al-
though a clear distinction between the high viscosity samples and the
medium viscosity sample is seen, the calculation of a thermophysical
difference is not straight forward. One reason is that these experiments
are the very first aerothermal testing of a comprehensive set of samples.
So far, a thermophysical characterization of samples was not required
since it could not be applied.
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(a) NCO_1 Start (b) NCO_1 End

(a) SAR_1 Start (b) SAR_1 End

(c) KLJ_1 Start (d) KLJ_1 End

(c) STA_I Start (d) STA_1 End

(e) RAG_1 Start (f) RAG_1 End

(g) RAG_2 Start (h) RAG_2 End

Fig. 1. High viscosity samples.

Fig. 7 depicts images of the five samples which released small
particles when exposed to the high temperature flow field. While the
surfaces of the molten meteorites in Figs. 1 and 5 appear rather smooth,
the surface of DHO_1 and MUR_1 is coarse. Material that melts on the
surface of these samples is detached easily through shear forces from
the flow compared to the other test samples. It is important to note that
the most carbon rich samples are in this data set (DHO and MUR). The
carbon content of the Murchison sample is estimated at 2.7% (Pearson

(e) %k MOC_1 Start (f) *k MOC_1 End

(g) % EAG_1 Start (h) % EAG_1 End

Fig. 2. High viscosity samples (continued from Fig. 1). The symbol 3 indicates the
observation of blue particles in the experiment.

et al., 2006) and Ureilites like Dhofar 1575 may have carbon contents
up to 8% (Goodrich et al., 2015). The other carbonaceous samples
Allende and Lance, however, have an estimated carbon content of only
0.27% and 0.65%, respectively (Pearson et al., 2006). In conclusion,
the carbon content is an indicator of how fragile samples are. If this
is related to the real meteor observation, a quick fragmentation might
indicate a high carbon content.
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(a) NWA_1 Start (b) NWA_1 End (a) KNY_1 Start (b) KNY_1 End

(c) NWA_IR Start (d) NWA_IR End (c) KNY_IR Start (d) KNY_IR End

(e) ALL_1 Start () ALL_1 End (e) LUN_I Start (f) LUN_1 End

(¢) CHE_1 Start (h) CHE_1 End (2) BIL_1 Start (h) BIL_1 End

Fig. 3. Medium viscosity samples.

Fig. 4. Medium viscosity samples (continued from Fig. 3).

Table 3

Samples for which blue particles were observed.
Code Name Classification
LAN Lancé co
BUZ 1 Buzzard Coulee H4 5. Observation of ejected particles
BUZ_1R Buzzard Coulee H4
EAG Eagle EL . . .
KOS 2 Koiice HS The number of small, often blue glowing particles that are ejected
KOS_3 Kosice H5 from the surface is very different between the observed samples. The
MIN Mincy Mesosiderite effect is most visible in Fig. 7(f). Unlike the droplets of molten material,
MocC Mocs L5 ) these blue particles also travel several millimeters upstream after being
MJO Mount Joy Octahedrite released from the front surface. This effect is known from aerospace
PUL Pultusk H5

problems as the spallation of material. It is unrelated to the molten
material behavior. The particles are most distinctly visible close to the
sample surface, while they appear to evaporate quickly as they travel
downstream. Observations of similar blue particles were also made by
Agrawal et al. when exposing samples of an iron meteorite (Campo Del
Cielo) in the Interaction Heating Facility (IHF) at NASA Ames Research
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(a) TIS_1 Start (b) TIS_1 End

(d) % PUL_1 End

(e) % KOS_2 Start (f) % KOS_2 End

(g) * KOS_3 Start

(h) sk KOS_3 End

Fig. 5. Medium viscosity samples (continued from Figs. 3 and 4). The s symbol
indicates the observation of blue particles in the experiment.

Center (Agrawal et al., 2018). In these experiments the average heat
flux and stagnation pressure of more than 32MW/m? and 1260 hPa
respectively were well above the conditions used in our experiments
(see Table 1). Table 3 shows a list of the experiments during which a
significant number of blue particles was observed.

The high-resolution images of the meteorites show particles being
ejected from the meteorite surfaces. There are mainly two types of
particles visible in the images: Medium sized particles that appear to
be visible mainly due to thermal radiation and smaller blue particles
that, if present, are often more numerous than the other particles. The
blue particles appear to even travel small distances upstream.

An application of automated particle detection algorithms as used in
engineering problems of ablation (e.g. Davuluri et al., 2023 or Martin
et al., 2016) are not applicable in the present case, because the bright

(a) *k BUZ_1 Start (b) % BUZ_1 End

(c) % BUZ_IR Start (d) % BUZ_IR End

Fig. 6. Medium viscosity samples (continued from Figs. 3-5). The % symbol indicates
the observation of blue particles in the experiment.

emission of the plasma flow around the meteorite sample disturbs the
automatic detection. Therefore the particles were counted manually
in the DSLR images. It was shown in previous studies that manual
counting is close to automatic counting (Vaubaillan et al., 2023).
Nevertheless, the number of identified particles serves as a qualitative
measure to describe the overall deconstruction behavior. The particle
counting was done by placing markers on each particle or trajectory in
every image and then summing the number of markers. Each particle
was only counted once by marking the initial point of the trajectory in
each image. Some particles also split up into smaller fragments along
their trajectory. Only the initial particle was counted in those cases.
To increase the visibility of ejected particles, unsharp masking was
applied on the images first. The improved contrast through this method
is shown in Fig. 8. However, especially these numbers are to be treated
carefully, as many particles evaporate along their trajectory and cannot
always be distinctly identified.

The results from the particle counting are shown in Table 4 with
the iron content from Table 2 given again for comparison. The most
striking observation is that close to no particles were found in the
images of most achondrites. Meteorites with a high iron content tend
to release more particles. A comparison with Table 3 suggests that
the blue particles consist of iron rich material. This is also supported
by the fact that by far the most blue particles were identified during
the experiment of sample MJO, which consists of approx. 92.72% of
iron. However, not all experiments support this trend. For example,
meteorite MUR with an iron content of 22.24% showed close to no
blue particles, though with a large number of orange particles it had
the second highest particle count per image. Meteorite MIN on the
other hand showed plenty of blue particles though with 11.2% it has
a lower iron content than SAR (14.5%) or STA (13.95%), for which
negligible numbers of particles were seen. It should be noted that the
Fe content taken from the literature for the Mincy meteorite is quite
low compared to average Fe contents of mesosiderites. It is possible
that the assumed Fe content of the tested Mincy sample is in fact too
low. Another possible explanation for the abundance of blue particle
in the Mincy experiment could be differences in the way that iron is
bound within the material. The iron could be present in metal form
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Table 4
Results of the manual particle identification.
Source: The density values are taken from Toth et al. (2023).
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Code Name Classification Bulk density [gem™] Fe content [%] Particles/Image
LUN NW Africa 11303 Lunar brecchia 3.0 3.31 0.2
NCO Norton County Aubrite 2.7 1.67 0.76
BIL Bilanga Diogenite 3.0 10.50 1.25
STA Stannern Eucrite 2.9 13.95 1.50
SAR Sarcicisek Howardite 2.97 14.50 1.89
TIS Tissint Shergottite 3.0 15.34 4.80
ALL Allende Ccv 2.86 23.16 9.45
KNY_1R Knyahinya LL5 3.22 20.8 14.20
KLJ Kheneg Ljouad LL 5/6 3.22 18.50 15.56
CHE Chelyabinsk LL5 3,3 19.20 17.73
MOC Mocs L5 3.2 22.49 20.14
RAG_2 Ragland LL3 3.3 20.00 22.59
NWA_1R NW Africa 869 L5 3.36 22.11 23.88
RAG_1 Ragland LL3 3.3 20.00 26.13
KOS_3 Kosice H5 3.43 28.86 30.75
LAN Lancé co 3.3 25.33 34.60
KNY_1 Knyahinya LL5 3.35 20.80 35.10
NWA_1 NW Africa 869 L5 3.36 2211 35.80
BUZ_1R Buzzard Coulee H5 3.5 27.50 41.87
DHO Dhofar 1575 Ureilite 3.19 14.76 45.50
EAG Eagle EL 4.8 23.19 49.00
KOS_2 Kosice H5 3.43 28.86 56.34
PUL Pultusk H5 3.49 27.21 65.41
BUZ_1 Buzzard Coulee H4 3.5 27.50 67.95
MIN Mincy Mesosiderite 4.2 11.20 74.80
MUR Murchison CcM 2.25 22.24 84.75
MJO Mount Joy Octahedrite 7.8 92.92 150.20

but also as iron oxides or sulfites (Wilkison and Robinson, 2000; Téth
et al., 2023). A more in-depth analysis of the meteorite composition,
microstructure and the release mechanisms of the different elements
would be needed. Pittarello et al. concluded from wind tunnel testing
that oxidation of iron is an important process for the melt evolution. A
clear conclusion of the melting process with respect to the iron content
cannot be given from our experiments.

The effect of Fe on particle ejection is further emphasized in Fig. 9.
Since the relative Fe composition and Si composition are inversely
correlated, a direct comparison of the relative compositions with the
number of particles does not allow to conclude, whether the blue par-
ticles are caused by an abundance of Fe or a lack of Si. To decouple the
effect of Fe and Si on the particle distribution, the relative composition
values of Table 2 were multiplied by the bulk densities from Table 4,
which yields the elemental densities of Fe and Si. Figs. 9(a) and 9(b)
show the same particle numbers from Table 4 plotted over the relative
density of Fe and Si, respectively. The shapes of the markers indicate
the meteorite type and the color denotes the apparent viscosity (high,
medium, or low) as it was categorized based on the DSLR images. Filled
markers indicate a large abundance of blue particles.

The achondrites with their low iron content stand out with a low
particle count. The meteorites from the high- and medium-viscosity
groups suggest a slight trend of increasing particle counts with in-
creased iron content. The meteorites which released blue particles tend
to have both the highest Fe density and the highest particle count. The
carbon rich samples MUR and DHO present outliers, as they released
many droplets but no blue particles. Hence, their particle count is not
related to iron density. The assumed Fe content of MIN contains high
uncertainties, which might be a reason why it does not follow the
trend of the other samples. As discussed above, these results support

the assumption that the numerous blue particles stem from iron-rich
material. However, the correlation of the number of particles with the
bulk density in Fig. 10 shows a trend similar to the correlation with
the iron density. From this plot, it could be concluded that a larger
bulk density leads to more particles being spalled from the meteorite.
At this point there is no clear explanation for this observation. Fig. 9(b)
shows no significant correlation of the number of particles with the Si
density.

6. Conclusion

A set of 32 ablation experiments was conducted from samples from
28 different meteorites in the plasma wind tunnel PWK1 in three
separate test campaigns. The diagnostic setup included several high-
resolution DSLR cameras for a detailed visual analysis of the melting
and ablation behavior of the meteorites. In this paper, the images
were analyzed with respect to the apparent rheological behavior and
the tendency to fragment and the development of particles. For some
meteorites, the bulk of molten material remained mostly connected to
the main body, which is attributed to higher viscosity. Other meteorites
experienced a stronger flow of molten material downstream, which lead
to long bulks of material forming in the back of the samples. For the
samples from the two most carbon rich meteorites Murchison and Dho-
far 1575 the flow of molten material along the sample surface suggested
an especially low viscosity. Many droplets of molten material were
seen in the images of these two samples. These results emphasize that
the role of carbon on the melting and ablation behavior of meteorites
should be considered for modeling fragmentation of carbonaceous me-
teoroids in the atmosphere. For many meteorites the release of small
blue particles was also observed. Unlike the droplets of molten material,
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(a) DHO_LI Start

(c) MUR_1 Start

(e) % MJO_1 Start (f) *s MJO_1 End

() % MIN_I Start (h) % MIN_1 End

(i) % LAN_I Start (i) % LAN_I End

Fig. 7. Low viscosity samples. The st symbol indicates the observation of blue particles
in the experiment.

these particles also traveled a few millimeters upstream after being
ejected from the surface and quickly evaporated in the plasma flow.
An analysis of the meteorite compositions suggested that these blue

Icarus 422 (2024) 116249

(a) Original image (b) Filtered image

Fig. 8. Unsharp masking of an image of the LAN meteorite. This improved the visibility
of the particles.

particles mainly consist of iron. Most achrondites consistently showed
close to no release of particles or droplets.
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