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Abstract

Meteor is a luminous phenomenon that occurs when a solid object travelling through the in-
terplanetary space enters the Earth’s atmosphere and ablates during its entry. These extra-
terrestrial solid objects, which are smaller than asteroids, are called meteorites, and they carry
crucial elements that were part of the planetary formation few billions years ago. Dark flight
is one of the phases of the atmospheric flight of a meteorite which happens after the ablation
of the meteoroid in the atmosphere. During the dark flight the meteorite flies without emitting
any light, thus making it hard to estimate its impact point on the surface of the Earth. The la-
borious task of meteorite recovery is always complicated by the effects of aerodynamic forces
acting on the meteorite during this dark flight, as well as the meteorite shape. In multiple mete-
orite recoveries, the effect of aerodynamic forces acting on the meteorite during its dark flight
is speculated as the reason for this deviation from the predicted trajectory. Hence, limited
knowledge of the aerodynamic properties of meteorite can be attributed as one of the major
reasons for partial recovery of the meteorite. With the advancement in the current 3D printing
techniques, experimental studies can be conducted to for a better understanding of the me-
teorite aerodynamics. Hence, the current project is a study of experimental investigation of
the aerodynamic behaviour of a meteorite. In this study, the effect of the irregular meteorite
shape on its dark flight will be analysed. To evaluate these effects, experiments were con-
ducted in a low-speed wind tunnel. A 3D printed meteorite model was used to study various
aerodynamic forces acting on the meteorite. Broek in Waterland meteorite was considered for
the current study as the test model. Firstly, the drag coefficient of the model was measured
accurately. Based on literature, it was identified that, from an altitude of 10 km, meteorite
travels at subsonic velocities in denser atmosphere for a considerable time. This can offer
an important insight into the aerodynamic effects. Hence, this study investigates the free fall
of the meteorite from an altitude of 10 km until Mean Sea Level. Firstly, an accurate drag
coefficient of the meteorite model was estimated to calculate the terminal velocities at these
altitudes. On the basis of calculated terminal velocities, a scaled model was used to create
similar flows conditions for the free fall over the meteorite model. The required scaling factor
of the test model was estimated using flow similarity analysis. With the scaled meteorite model
the variation of the aerodynamic forces during the free fall of the meteorite descent was stud-
ied. Using an additional setup, the rotational aspects of the meteorite were also investigated
in this study. Finally, the estimated drag coefficient and shape factor were implemented in a
dark flight code to study the influence of these parameters on the impact points of a meteorite
fall. Based on the results, it was identified that a range of drag coefficient values exists for a
single meteorite and for the Broek in Waterland meteorite, the range lies between 0.36 to 0.88.
The results of the experiment have proved that there is a finite amount of lift and side forces
are experienced by the meteorite during its atmospheric flight. Furthermore, the experiments
showed that for a non-rotating oriented flight of the meteorite, side and lift forces exists and
strongly influence the impact points. The impact points for a single body gets separated by 24
km when the orientation of the meteorite is changed, assuming an oriented flight. In summary,
this experimental study has proved that aerodynamic forces are very crucial in the meteorite
dark flight and strongly affect the trajectory of dark flight, thereby influencing the impact points
of the meteorite. Therefore, better parametrisation of meteorite aerodynamic parameters in
the dark flight model is needed for better strewn field estimation.
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Introduction

The atmospheric phenomenon that is observed when a streak of light appears in the sky is
commonly referred as a 'Meteor’ (IMO, 2021). It is caused when the interplanetary solid ob-
jects, called ’Meteoroids’, pass through the Earth’s atmosphere (IAU, 2021). These interstellar
passengers, which looks akin to the rocks on the Earth, find their origin usually from the Aster-
oid belt and the neighbouring planetary debris (Spurny, 1997). When the orbits of these bodies
intersect with the Earth’s orbit, they make their descent through the Earth’s atmosphere. Due
to the unfamiliarity in the arrival and the fall locations if these meteors, these are referred as
Sporadic meteors (Campbell-Brown, 2007). However, the similar occurrence of meteors in
form of showers can be observed annually at a known location in the sky, called as Shower
meteors (Lissauer and De Pater, 2013). Unlike the former phenomenon, the bodies of these
showers originate from the debris from cometary flight and have known location of inception
in the sky (Bronshten, 2012).

Nevertheless, in both the cases, when the body enters the Earth, a continuous interaction in
the form of collisions occurs in the rarefied atmosphere. Due to this interaction, the surface
of the body starts to heat up and results in pre-heating of the meteoroid (Opik, 2004; Rogers
et al., 2005). A part of this heat will be transferred to the body and the rest will be radiated
outside in the atmosphere. When these meteoroids continue their descent through the at-
mosphere, the temperature increase incessantly due to increase in the collision rate with the
molecules and the body starts to burn away (McKinley, 1961). During this ablation phase, the
temperatures reach around 2500K making the surface of the meteoroid to melt away in form
of liquid droplets (Ceplecha et al., 1998). These liquid droplets vaporise and instantly radiates
large amount of heat and light around the meteoroid. Very bright light is created due to the
vaporization and ionization of the plasma surrounding the body (Opik and Singer, 1959). If
the brightness of this meteor exceeds a magnitude of -4 or higher, it is referred as ’Fireball
or 'Bolide’ and sometimes 'Superbolide’, which can be seen from the ground with naked eye
(Ceplecha et al., 1999; Konovalova et al., 2011). And, sometimes when the dynamic pres-
sure exerted by the atmosphere exceeds the internal structural strength of the meteoroid, the
meteoroid breaks down and fragments into several smaller pieces. With its further descent,
the meteoroid starts to experience a denser atmosphere, which in turn results in higher at-
mospheric drag and deceleration of the meteoroid. After the conversion of the kinetic energy
into thermal energy, at certain point, the meteoroid starts Dark flight, without emitting any light
from then and rapidly reaches lower velocities less than 3 kms~—! (Carter et al., 2011). During
this phase, the meteoroid starts to cool down very quickly, thereby solidifying its molten crust.
The meteoroid trajectory will be affected due to the complex shape created during the ablation
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2 Chapter 1. Introduction

and the presence of turbulent wind gusts. And, finally, the meteoroid reaches the surface of
the Earth, often creating a small pit in the surface around its impact point at velocities 100
ms~! to 10 ms~! (Ceplecha et al., 1998). In such case, when the meteoroid survives its at-
mospheric flight, it is called 'Meteorite’. Thus, once the meteoroid enters from space follows a
complex trajectory in the atmosphere and finally reaches the surface as a meteorite, which is
presented in Fig. 1.1. Due to the effects of the shape of meteoroid, fragmentation, and wind
gusts, the meteoroid fragments generally disperse on the Earth’s surface (Jenniskens et al.,
2009; Lissauer and De Pater, 2013; Moilanen et al., 2021). This geographical area with the
probability of the meteorite presence is referred as Strewn field and will be elliptical in shape
as presented in Fig. 1.2. This strewn field serves as the most probable search area for the me-
teorite recovery. Depending on the mass of the fragments and the aforementioned influential
factors the size and shape of the strewn field varies.
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Figure 1.1: Atmospheric flight of a meteoroid and its phases (Ceplecha et al., 1998).

The meteorites that arrive on the surface of the Earth can be considered as the messengers
of the cosmic history as they carry the most crucial and indigenous elements that were part
of the planetary formation few billions years ago (Jenniskens and Jenniskens, 2006; Spurny,
1997). With these materials, scientists can get an opportunity to investigate the origin of the
solar system and asteroids (Spurny et al., 2012), not just limited to the telescopic observa-
tions of the planets from Earth. Not only this, but meteorites have also been an impetus to
the scientific research during the space race for studying the dynamics of re-entry vehicles
(Hansen et al., 1957; Riddell and Winkler, 1962; Silber et al., 2018). The dynamics and the
heat transfer phenomenon experienced by a meteoroid during its fall quite similar to the flight
of re-entry vehicles. This research provided a plethora of data to thrust the study of high-speed
vehicles. In summary, these small fragments of rocks that visit the Earth sporadically, carries
indispensable information and myriad opportunities to the mankind.
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Figure 1.2: Generic strewn field of a meteorite fall (Lissauer and De Pater, 2013).

These meteorite falls are photographically observed and recorded from the surface of the Earth
using multi-station camera networks spread worldwide such as Global Meteor Network (Vida et
al., 2021), including Prairie meteor network (Artemieva and Pierazzo, 2009; Brown et al., 1996;
Ceplecha and McCrosky, 1997) and Desert Fireball Networks (Bland et al., 2004; Devillepoix
et al., 2018) in USA and Australia respectively. and in Australia. Such networks are spread
across Europe such as AlISky7, FRIPON, Spanish Fireball Network, PRISMA, Swedish Allsky
meteor network, Prairie meteor network etc., and associations such as The Meteor Section’
in the Netherlands (Anderson et al., 2020; Brown et al., 2011; Brown et al., 2019; Colas et al.,
2020; Devillepoix et al., 2018; Gardiol et al., 2016; Hankey et al., 2020; Oberst et al., 1998;
Olech et al., 2017; Sansom et al., 2019; Sansom et al., 2015; Spurny et al., 2012; Stempels
and Kero, 2016; Trigo-Rodriguez et al., 2006; Vida et al., 2021). These cameras record the
meteorite fall from different locations on the surface at various angles. With this data, the
data regarding various properties of the meteoroid such as its position, mass, interplanetary
orbit as well as radiation, fragmentation can be extracted (Ceplecha et al., 1998). However,
these instruments record the data of the luminous trajectory of meteorite flight only. Once
the meteoroid enters dark flight, it will be difficult to follow the trail of its path. The complex
shape and the wind effects considerably influence the dark flight trajectory. For this, certain
mathematical models based on the equations of motions (EOM) will be used by the scientists
to predict the strewn field and to estimate the most probable locations of impact points of the
meteorite fall. A detailed discussion about these dark flight models, their shortcomings and
their application in numerous meteorite falls will be presented in the following section.

1.1. Shedding light on the dark flight

Significant progress has been made in the meteoritics field in terms of fireball trajectory esti-
mation from the photometric data analysis with the help of enhanced observation techniques
and powerful computational techniques (Borovi¢ka et al., 2019; Olech et al., 2017; Rodriguez
et al., 2009a; Spurny et al., 2020; Vida, Brown, et al., 2019; Vida, Gural, et al., 2019; Zurita
et al., 2020). However, the aerodynamics aspect of the meteorite falls is overlooked (Haack

"https://werkgroepmeteoren.nl/english/
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et al., 2019; McCrosky et al., 1971; Sansom et al., 2019). Consequently, this resulted in abun-
dant scientific literature that deals more with the trajectory analysis rather than the dynamics
of a meteorite fall (Gritsevich, 2009; Sansom et al., 2015; Spurny et al., 2014). Hence, there is
sparse literature that encompasses the dynamics of meteorite falls, in particular that deals with
the dark flight (Andreic, 2011; Borovicka and Kalenda, 2003; Borovicka et al., 2021; Carter et
al., 2011; Vinnikov et al., 2017; Vinnikov et al., 2016; Vlasek, 1963). So, a detailed discussion
about the relevant literature is presented below.

The work of Ceplecha (1987) presents the fundamental theoretical framework for the dark
flight modelling. This model is employed in most of the meteorite fall analyses until today. In
this model, the properties such as the position (hr), velocity (vr) and deceleration (ar) of the
meteorite at the terminal point (point at which the luminous trajectory ends) as well as the
direction of flight will be used to estimate the 'dark flight trajectory’ of the meteorite as well as
the impact point of the meteorite on the surface. In this model, the Equations of Motion (EOM)
of the non-ablating body as shown in equations (2.1),(2.2),(2.3) will be used.

d -1

d—q;; =" [L'Spv(Vi + v1) 4 2w(vg sin ¢ + vy, cos ¢ sin ar)] (1.1)
h

d’l)h -1 .

— = — [['Spvvp + g — 2w cos ¢(v; sin ar + v, cos aR)] (1.2)

dh Vh

dvg 1 .

T o [LSpv(Vy + vz) + 2w(v; sin ¢ — vp, cos ¢ cos ar)] (1.3)
h

where v’ and 'V’ are the meteoroid and the wind respectively. Subscripts [, h, z represent the
meteoroid velocity in three perpendicular directions. 'T" is the drag coefficient of the meteoroid,
which is a function of the Mach number, and 'S’ is the ratio of the mass to the cross-sectional
area of the meteoroid. The other parameters p, w, ¢ & ar are the air density, the angular
velocity of Earth’s rotation, geographic latitude, and the astronomical azimuth of the flight di-
rection respectively.

The differential equations (2.1),(2.2) and (2.3) are solved using Runge-Kutta integration tech-
nique with a usual step size of 0.01 km. However, the step size varies according to the alti-
tudes, larger at higher altitudes and smaller at lower altitudes. And at each step the velocity
of the meteoroid is calculated from the integration from the terminal point to the impact point.

Although this model can be applied to any atmospheric model, the main complexities in this
model are the little-known wind field as well as the unknown shape of the meteoroid. With the
latest meteorological models, precise wind models solve the first complication. However, to re-
solve the second complexity, a symmetrical shape such as sphere is assumed. This has been
adopted in most of the dark flight simulations, without any sound argument for the assumption.
The initial value of 'T'S’ parameter in the EOM is dependent on the mass, shape, density and
drag coefficient, which are unknown to the observer at the terminal point. Thus, to solve the
EOM, it is assumed that I" changes as the function of Mach number (M) and S is assumed to
be constant during the dark flight. This implies that the orientation of the meteoroid remains
same throughout the dark flight.

This mathematical model is extensively used in the contemporary dark flight studies. However,
this model does not consider the lift and side forces and other aerodynamic effects caused
by the shape, orientation, and rotation of the meteoroid. Based on the few case studies of
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meteorite falls discussed below, it was observed that these effects influence the dark flight tra-
jectory. Therefore, in this study, various forces acting on an irregular shaped meteorite will be
studied experimentally to investigate the effects of shape and rotation on the aerodynamics of
the meteoroid. From the work of Vinnikov et al. (2016), it can be observed that the substantial
part of the dark flight falls rapidly to subsonic velocities around the altitude of 10,000 m as
shown in Fig. 1.3 and, covers considerable portion of time of flight. At these altitudes, the vari-
ation in the wind effects is also noticeable, as shown in Fig. 1.4 for one of the meteorite falls.
At these altitudes, the atmosphere becomes denser enough to influence the airflow around
the meteorite body.
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Figure 1.3: Results of variation of airborne fragment velocity with the altitude (Vinnikov et al., 2016).

Also, most of the dark flight analysis is performed using a dimensionless factor known as
'Shape Coefficient’ (A) of the meteorite will be used to solve the EOM, which is defined by
McCrosky et al. (1971) as follows.
p\2/3
A=8 (7) (1.4)

M

where, M, p and S is the mass, bulk density, and projected frontal area of the meteorite cross
section respectively.

The necessity for the analysis of meteorite aerodynamics can be clearly seen in the Ejby me-
teorite recovery, where Haack et al. (2019) attributes the deviation of its heaviest fragment -
'Herlev’ fragment, primarily to the aerodynamic effects and concludes that only aerodynam-
ics can explain its recovery. In addition to this, Haack further contemplates the effects such
as Magnus force or the oriented fall might have influenced its trajectory during the dark flight
phase. In addition to this, regarding the Flensburg fall, Borovi¢ka et al. (2021) argues that
changing the product of drag coefficient (I') and Shape coefficient (A) from 0.8 to 0.65, results
in better estimate in the predicted mass of meteorite. However, no argument was presented
for the initial value assumption. On the contrary, in the other work that deals with the Moravka
fall (Borovicka and Kalenda, 2003), this inconsistency is clearly observed when Borovi¢ka
and Kalenda argues that reduction of 'TA’ from an assumed value of 1.0 resulted in the un-
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derestimation of the initial fireball mass and overestimation predicted meteorite mass. For
this purpose, it is stated that reduction from 1.0 to 0.8 would result in better but not complete
agreement with recovered meteorites. Hence, this inconsistency in the 'T'A’ was observed in
the dark flight modelling part of meteorite fall.

Furthermore, it was seen that large jumps that are made in the trajectory assumptions in terms
of assumptions, resulted in strange results in the meteorite recovery, which was not delineated
by authors themselves. The fall of Grimsby meteorite (Brown et al., 2011) can be considered
as one such case, where the variation of shape and drag coefficient were not considered in
modelling. Interestingly, a small fragment with unusual wafer shape of mass 17g was found
directly under fireball trajectory. To explain this, it was assumed that odd drag behaviour must
be exhibited by this fragment during its dark flight. Although, this cannot be stated as a causal
relationship, it sure explains the need to consider the aerodynamic effects during modelling
of the meteorite fall. Particularly, in case of the oriented fall for irregular shaped meteorites,
projected area can vary during their flight if the meteorite orientation changes due to any per-
turbation. Hence, aerodynamic effects do play a crucial role in the flight of irregular shaped
fragments.
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(a) Wind profile at 0 UT. (b) Wind profile at 12 UT.

Figure 1.4: Wind profiles measured by radiosonde at White Lake, Michigan. Top plot is for 0 UT and bottom one
at 12 UT (Brown et al., 2019).

Likewise, the numerical and other mathematical models (Vinnikov et al., 2017) does not con-
sider the lift forces created by the flow around the fragments. In particular, Vinnikov et al.
(2016) states that fragments are not symmetric, but still uses the spherical assumption for the
dark flight calculation. Also, Vinnikov admits that the effects of the lift force created by the
irregular fragments as well as the Magnus force were not considered in his model and further
adds that Magnus force influences the fragment dispersion. Moreover, most of the dark flight
models still utilise the mathematical model put forth by Ceplecha (1966) and Ceplecha (1987),
with few modifications accounting the variation in wind profiles and other minor modifications.
However, this model does not account for the aforementioned effects. In addition to this, few
research works (Andreic, 2011; Brown et al., 2011; Haack et al., 2019) consider the drag co-
efficient for the sphere based on the work of Carter et al. (2009), which is only applicable for
the spherical shapes. Even though, Zhdan et al. (2007) proposed the drag coefficients for the
meteorite shape fragments in their work, it was only limited to the supersonic flow regime. Be-
sides, Nguyen et al. (2019) study concluded that for an ellipsoid, the drag force will be doubled
due to roughening the surface. Given that, an irregular fragment can be approximated as an
ellipsoid (Kljuno and Catovic, 2019), similar affect might be observed in case of the meteorite.
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The last experimental study on the aerodynamics of a meteorite was conducted on the Pribram
meteorite (Vlasek, 1963). This study focused on the estimation of drag coefficient and did not
study on the other aerodynamic forces. Moreover, the flow Mach number for this experiment
lies between 0.5 to 3.5. Thus, the entire subsonic flow regime is not covered.

Thus, the need for the analysis of aerodynamic effects acting on the meteorite during its dark
flight, for a better estimation of the impact points, was observed from various meteorite falls,
numerical and experimental studies. The knowledge gaps identified from the literature is pre-
sented in detail in the following section.

1.2. Problem statement

From the literature review presented above, it is observed that the dark flight models that
are extensively employed in the meteorite recovery studies makes assumptions regarding
the shape of the meteorite and aerodynamic forces acting on it. Moreover, based on the case
studies, it was evident that there is a need for the comprehensive analysis of the aerodynamics
of the meteorite. It is not only for an improved estimation of the strewn field of a meteorite fall,
but also to improve existing models with better insights of aerodynamic effects acting on the
meteorite. Thus, from the above literature review, following fundamental research gap was
identified in the meteorite aerodynamics, which was subdivided further.

+ Lift and drag forces acting on irregular shaped meteorites in the subsonic regime is
required for a better strewn field prediction.

— Effects of the shape of the meteorite on the aerodynamic forces.

— Lateral forces acting on the meteorite during the free fall is a requisite for better
estimation of orientation and width of strewn field.

— The key question on the rotational effects such as Magnus forces on a meteorite
during the atmospheric descent still remains uninvestigated and is crucial in under-
standing the free fall dynamics of the meteorite.

— Effect of bow shock on the trajectory of a meteorite in dark flight on the lift and drag
forces needs to be addressed.

— Effect of the atmospheric winds and gusts on the stability of the oriented meteorites
has not yet been clarified.

No dedicated study was made to fill in these gaps in terms of the irregular shaped meteorites.
This can be understood from the complexity involved in each of the subdivided research idea.
Therefore, the aerodynamic analysis of meteorites is something that remained as a dark corner
in the meteoritics field and has a potential to open door for numerous research opportunities.

1.3. Research objective & questions

With the advancement in the experimental facilities, measurement techniques as well as fab-
rication techniques, experimental studies can be carried out for a better comprehension of
aerodynamics effects acting on a meteorite. Till date, no exclusive experimental study was
carried out for the aerodynamic analysis of meteorites in the subsonic flow regime. From the
work of Vinnikov et al. (2016), it can be noticed that subsonic flow regime is significant amount
of meteorite dark flight lies in the subsonic regime and this occurs approximately around an
altitude of 10 km. At these altitudes, the flow over the meteorite body will be more notice-
able and crucial due to its travel in denser atmosphere. Hence, an experimental investigation
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encompassing the analysis of the meteorite dark flight from an altitude of 10 km can provide
interesting insights regarding meteorite aerodynamics. Thus, using a recovered meteorite
model, the aerodynamic characteristics of a meteorite during dark flight can be studied us-
ing a subsonic wind tunnel. This experimental study can serve as a potential benchmark for
the prospective studies in the meteorite aerodynamics. This can also be used to validate the
assumptions used in existing dark flight models. Hence, for the scope of the current thesis
project, on the basis of aforementioned knowledge gaps from the literature study, the following
research question was formulated:

What are the aerodynamic characteristics of an irregularly shaped meteorite during
the subsonic regime of its dark flight?

This research question can be further subdivided as follows:

1. What is the variation of the aerodynamic forces acting on a meteorite with respect to the
altitude?

2. How does the shape of a meteorite affects the aerodynamic forces?
. How does the shape factor (A) and 'T'A’ vary for a single meteorite?

4. What is the effect of the rotation in the variation of the aerodynamic forces on the mete-
orite?

w

1.4. A Novel Approach

With the advancement of the 3D printing technologies, such as the high-quality 3D scanning
of the surface details, better precision and accuracy on the printing and range of materials,
meteorite models with fine surface details can be printed using 3D printers. Since meteorite’s
shape is highly irregular, 3D printing can be considered as the most appropriate technique for
the fabrication of meteorite model. Using computer aided modelling software such as SOLID-
WORKS and CATIA, the meteorite model can be modified, such that it can be used as a test
model in the wind tunnel. With these software, necessary modifications such as scaling of the
model for creation of similar flows and any design additions can be done. This offers a great
flexibility to print the meteorites for various test conditions with great quality and precision.
Therefore, this offers a possibility for a better and accurate study of meteorite aerodynamics,
compared to other studies till date.

Hence, with the amalgamation of these techniques, a 3D printed model of Broek in Waterland
meteorite will be used as the test model in the subsonic wind tunnel in the current thesis
project. Thus, the approach used for the current thesis project is completely novel and can be
considered as the state of the art in the field of meteoritics.

1.5. Thesis Outline

In this thesis report, the fundamental backdrop required for the basic understanding of the
thesis work is presented in Chapter 1, including the research questions. Chapter 2 contains
the entire thesis work presented as a journal article for professional audience of the meteoritics
community. In this journal article, a brief introduction about the thesis project and a condensed
review of relevant literature is presented in the section 2.1. The detailed description regarding
the experimental setup including the instrumentation will be presented in Section 2.2. The
methodology of the experimental procedure will be discussed in Section 2.3. Based on the
results presented and discussed in Section 2.4. Finally, current study is concluded in Section
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2.5 which also contains the recommendations for the future work. The supplementary material
that discusses the underlying work of the thesis project is presented in Chapter 3. Section 3.1
deals with the experimental data acquisition, followed by the flow similarity analysis in Section
3.2. Detailed discussion regarding the dark flight calculator implemented in the current thesis
study is presented in Section 3.3. Again, in Chapter 4, the overarching conclusion for the
thesis work is presented, followed with detailed recommendations for future work in Chapter
5. Finally, Appendix A presents a detailed procedure for the conversion of 3D mesh data into
a solid model for interested audience.
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Meteorite aerodynamics during dark flight
using subsonic wind tunnel experiments

S.G.V.S. Aduru et al.t

I Department of Astrodynamics and Space Missions,
Delft University of Technology, the Netherlands

Abstract

The laborious task of meteorite recovery is always complicated by the effects of aerodynamic
forces acting on the meteorite during the dark flight, as well as its shape. In multiple mete-
orite recoveries, the effect of aerodynamic forces acting on the meteorite during its dark flight
is speculated as the reason for this deviation from the predicted trajectory. Hence, limited
knowledge of the aerodynamic properties of meteorite can be attributed as one of the major
reasons for partial recovery of the meteorite. Therefore, in the current study, we investigate
the various aerodynamic forces acting on the meteorite during its free fall in the dark flight
phase and the effect of meteorite shape on the aerodynamic forces. To evaluate these effects,
experiments were conducted in a low-speed wind tunnel. A 3D printed meteorite model was
used to analyse various aerodynamic forces acting on the meteorite. Broek in Waterland me-
teorite was considered for the current study as the test model. Firstly, the drag coefficient of
the model was measured accurately. From an altitude of 10 km, meteorite travels at subsonic
velocities in denser atmosphere for a considerable time. This can offer an important insight
into the aerodynamic effects. Hence, the free fall analysis of the meteorite during its dark flight
was considered from 10 km until Mean Sea Level. Firstly, an accurate drag coefficient of the
meteorite model was estimated to calculate the terminal velocities at the required altitudes.
On the basis of calculated terminal velocities, a scaled model was used to create similar flows
conditions for the free fall over the meteorite model. The required scaling factor of the test
model was estimated using flow similarity analysis. With the scaled meteorite model the varia-
tion of the aerodynamic forces during the free fall of the meteorite descent was studied. Using
an additional setup, the rotational aspects of the meteorite were also investigated in this study.
Finally, the estimated drag coefficient and shape factor were implemented in a dark flight code
to study the influence of these parameters on the impact points of a meteorite fall. Based on
the results, it was identified that a range of drag coefficient values exists for a single meteorite
and for the Broek in Waterland meteorite, the range lies between 0.36 to 0.88. The results of
the experiment have proved that there is a finite amount of lift and side forces are experienced
by the meteorite during its atmospheric flight. the experiments showed that for a non-rotating
oriented flight of the meteorite, side and lift forces exists and strongly influence the impact
points. And the impact points for a single body gets separated by 24 km when the orientation
of the meteorite is changed. We show that aerodynamic forces are very crucial in the mete-
orite dark flight and strongly affect the trajectory of dark flight, thereby influencing the impact
points of the meteorite. We propose that better parametrisation of meteorite aerodynamic pa-
rameters in the dark flight model is needed for better strewn field estimation.

Keywords: Broek in Waterland, Strewn field, Oriented flight, Rotation, Shape factor.
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2.1. Introduction

The meteoritics domain has withessed tremendous progress during the last decades due to
the evolution of robust observation techniques coupled with efficient as well as powerful com-
putational methods of data analysis (Gritsevich, 2009; Sansom et al., 2015; Spurny et al.,
2014). This allowed for abundant research to be carried out in terms of fireball trajectory anal-
ysis as well as reconstruction of the interplanetary trajectory of the meteoroid to trace back its
genesis (Borovicka et al., 2003; Borovi¢ka et al., 2021; Brown et al., 2011; Devillepoix et al.,
2018; Spurny et al., 2002; Spurny et al., 2012). In contrast, very little light was shed on the me-
teorite’s dark flight, making this dimension of meteoritics still obscure. Moreover, the available
literature usually discusses individual meteorite fall and focuses more on the trajectory anal-
ysis (Borovicka et al., 2019; Olech et al., 2017; Rodriguez et al., 2009a; Spurny et al., 2020;
Vida, Brown, et al., 2019; Vida, Gural, et al., 2019; Zurita et al., 2020), and the aerodynamics
aspect is overlooked (Haack et al., 2019; McCrosky et al., 1971; Sansom et al., 2019). As
a consequence, the volume of literature concerning meteoroid dynamics, particularly during
the dark flight can be considered minuscule (Andreic, 2011; Borovicka and Kalenda, 2003;
Borovicka et al., 2021; Carter et al., 2011; Vinnikov et al., 2017; Vinnikov et al., 2016; Vlasek,
1963).

Over the decades, the dark flight model presented by Ceplecha (Ceplecha, 1987; Pecina and
Ceplecha, 1983) remained ubiquitous and unvaried in several meteorite fall recoveries. The
foundational framework for Ceplecha’s analytical model is based on the equations of motion
(EOM) of a non-ablating meteorite as follows.

dv, -1

@ o [['Spv(V1 + v1) + 2w(v, sin ¢ + vy cos ¢ sin ar)] (2.1)
dvp, —1 .

o [['Spvvn, + g — 2w cos ¢(v; sin ar + v, cos aR)] (2.2)
dvg 1 .

o [LSpv(Vy + vz) 4 2w (v sin ¢ — vy, cos ¢ cos ar)] (2.3)

where v’ and 'V’ are the meteoroid and the wind respectively. Subscripts [, h, x represent the
meteoroid velocity in three perpendicular directions. 'I" is the drag coefficient of the meteoroid,
which is a function of the Mach number, and 'S’ is the ratio of the mass to the cross-sectional
area of the meteoroid. The other parameters p, w, ¢ & ar are the air density, the angular
velocity of Earth’s rotation, geographic latitude, and the astronomical azimuth of the flight di-
rection respectively.

This analytical model is considered advantageous because it supports wide range of atmo-
spheric models to derive the properties of wind at various altitudes. However, the unknown
shape of the meteoroid remains as a complexity of this model, for which Ceplecha assumes a
symmetrical spherical shape for the meteorite. Numerous meteorite fall studies have used the
Ceplecha’s model for the dark flight analysis (Borovicka and Kalenda, 2003; Borovicka et al.,
2013; Brown et al., 2011; Brown et al., 2019; Haack et al., 2019; Rodriguez et al., 2009b;
Spurny et al., 2014; Trigo-Rodriguez et al., 2010). Most of these studies adopted Ceplecha’s
model with the same assumptions regarding the shape of the meteorite and the aerodynamic
forces involved.

Also, most of the dark flight analysis is performed using a dimensionless factor known as
'Shape Coefficient’ or 'Shape Factor’ (A) of the meteorite will be used to solve the EOM, which
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is defined by McCrosky et al. (1971) as follows.

o P\
4=5(2) (2.4)
where, S,p and M is the projected frontal area, bulk density, and mass of the meteorite respec-
tively.

Although Ceplecha’s model (Ceplecha, 1987; Pecina and Ceplecha, 1983) was considered the
standard dark flight model in the meteoritics field, it did not encompass the effects of shape
and aerodynamics of a meteorite. On the other hand, Vinnikov et al. (2016) proposed a math-
ematical model for the dark flight dynamics. This model covers other dark flight features such
as the possibility of fragmentation and presents a discussion on the aerodynamic interaction
of a meteorite in hypersonic and supersonic flow regimes. But both the models fall on the
same line in terms of the meteorite shape assumption. Based on the results, it was identified
that the meteorite attains subsonic terminal velocities rapidly after the fragmentation event. It
was stated that the wind effects become more prominent near an altitude of 12 km due to the
strongest winds at those altitudes. While it may be true that the simulation of this model per-
formed well, Vinnikov et al. (2016) states that the even though the real fragments will not be
symmetrical, the model did not cover the important factors such as lift forces and the Magnus
effect acting on the meteorite.

Therefore, the strewn field estimation of existing dark flight models is susceptible to the values
of aerodynamic parameters assumed for the meteorite (Brown et al., 2019). Furthermore, the
assumptions made by the researchers do not appear rational every time and mostly oversim-
plifies the dark flight models. In addition to this, an inconsistency in the assumption of the drag
coefficient and shape factor for the meteorite during the dark flight or ablation studies was ob-
served in the literature (Borovicka and Kalenda, 2003; BoroviCka et al., 2021; Borovic¢ka et al.,
2013; Brown et al., 1996; McCrosky et al., 1971). Each study considers different value for
the drag coefficient (I') and shape factor (A) for a spherical shape of the meteorite. These
values range between 0.5 (Borovicka et al., 2019) to 1.6 (Andreic, 2011) for the drag coeffi-
cient, and between 1.21 (Gritsevich, 2008) and 1.8 (Haack et al., 2019). The aftermath of this
inconsistency of assumptions can be observed in the deviation of the strewn field estimation
(Borovi¢ka et al., 2019; Brown et al., 2011; Haack et al., 2019; McCrosky et al., 1971; Oberst
et al., 2004; Trigo-Rodriguez et al., 2010) as well as the discrepancy in the terminal mass
estimation (Borovicka and Kalenda, 2003; Borovicka et al., 2021). As there has been limited
understanding regarding the meteorite aerodynamics during the dark flight, few fundamental
characteristics need to be investigated for a better comprehension of the dynamics of a me-
teorite. To start with, these include (1) variation of aerodynamic forces acting on a meteorite
with altitude and (2) effects of meteorite shape and its rotation on these forces. As mentioned
earlier, the atmospheric flight covers a considerable amount of time in the subsonic regime
(Brown et al., 1996; Vinnikov et al., 2016) and travels in a denser atmosphere from 10 km
altitude, due to which airflow around the meteorite is more pronounced. Hence, this study
focuses on the experimental study of the aerodynamics of a meteorite during dark flight.

The objective is to study the variation of the aerodynamic forces acting on the meteorite in
the subsonic flow regime from 10 km altitude. To achieve this, the following aspects were
examined. Firstly, the drag coefficient of the meteorite is determined. Secondly, the variation of
the aerodynamic forces during its free fall in the dark flight will be analysed for the non-rotating
model. Finally, the possibility of rotation of the meteorite will be explored. The experimental
setup is explained in detail in section 2.2, followed by the methodology in section 2.3. The
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results of the experimental analysis are presented and discussed in section 2.4, based on
which the conclusions are drawn in section 2.5 including the recommendations for the future
work in this path.

2.2. Experimental Setup

2.2.1. Wind tunnel & Instrumentation

The experiments were performed in a subsonic wind tunnel called '"W-Tunnel' at the Delft
University of Technology. W-Tunnel is an open jet wind tunnel with a square test section. For
the current experimental study, the test section of 40 x 40 cm? cross-section was used. With
the contraction of this test section, a maximum speed of 35 ms~! can be achieved in the wind
tunnel. The minimum level of attainable turbulence level can be of order 0.5% depending upon
the flow velocity. The forces and moments acting on the meteorite model were measured in
three perpendicular directions (X, Y & Z axes) using a six-component balance (Alons, 2008).
The acquisition of the data of forces and moments is carried out continuously using six load
cells connected to the balance. Using this balance, the lift, drag, and side forces along with
pitching rolling and yawing moments can be measured. Further information regarding the data
acquisition during the experiment is presented in Section 3.1.

2.2.2. Test Model

For this experimental study, Broek in Waterland meteorite’ was considered as the test model.
On 11th January 2017, it fell in the Noord-Holland province of the Netherlands, making it one
of the recent meteorites falls in the Netherlands. Older Dutch meteorites were sampled for
the scientific studies and the present-day shape does not represent the state of the meteorite
when it was recovered after the fall. In contrast, the three-dimensional shape of the Broek in
Waterland meteorite was documented shortly after the recovery using photogrammetry before
scientific sampling and its shape was altered. And a 3D model of this meteorite can be viewed
in the Delft Meteorite Lab?. The irregular shape observed from Fig. 2.1a, makes is an interest-
ing case study due to its contrasting shape parameters. Therefore, Broek in Waterland was
chosen as the meteorite model.

Using SOLIDWORKS, the 3D model was converted into an SLDPRT (3D solid part) file as
presented in Fig. 2.1b. Consequently, allowing to design threaded holes in the meteorite sur-
face as shown in Fig. 2.2. With this, the model can be fitted on top of the model mount, both
in horizontal and vertical orientations. Again, this design is converted into an STL file (stere-
olithography file), supportive of 3D printing. This conversion was carried out without losing the
quality of surface detail. Detailed procedure of this conversion of 3D mesh data into a solid
body was presented in Appendix A.

Finally, the model was 3D printed with Polylactic Acid (PLA) filament using a Prusa i3 MK3S+
printer. PLA is a widely used filament material in the 3D printing industry. The characteristics
such as lower melting temperature, lower thermal expansion, and ease of printing aid PLA
in capturing small and detailed surface features. Since meteorites usually have very high
surface details that have a strong influence on the flow around them, PLA can be considered
as the most appropriate filament material to print the meteorite model. For the experiments,

"https://www.lpi.usra.edu/meteor/metbull . php?code=65715
“nttps://sketchfab.com/3d-models/broek-in-waterland-16-37b21c91ec5142008c72c743c8f 10ab6
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the meteorite was printed with PLA filament with a layer height of 0.1 mm and with a 30%
cubic infill as presented in Fig. 2.3. Thus, the surface detail including the threaded hole was
printed with very high surface detail and precision. Finally, the smooth surface of the meteorite
is roughed using sandpaper to roughen the surface.

(a) Part of meteorite is sliced off for scientific study. (b) 3D model of the original (uncut) meteorite.

Figure 2.1: Broek in Waterland meteorite and its 3D model created using SOLIDWORKS.

Threaded holes in the 3D
meteorite model

Figure 2.2: Threaded holes created using SOLIDWORKS to mount the test model vertically and horizontally on
the support strut.
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Figure 2.3: 3D printed meteorite test model with cubic infill using Prusa i3 MK3S+ printer.

2.2.3. Test Setup in the wind tunnel

Plexiglass
test section

Test
model
Model
Support Strut
Six-component
Base balance
plate

Jl. -

Figure 2.4: Experimental setup for the determination of drag coefficient and the free fall analysis. The meteorite
is fitted on a vertical strut which is mounted on the six-component balance using a base plate.
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Spindle

Support Model
attachment

Figure 2.5: Experimental setup for the study of rotation of meteorite. The meteorite is fitted with the spindle
which is inserted in the additional support attachment mounted on the vertical strut. With this mounting, the
rotation of the meteorite can be studied with a rotational axis parallel to the flow direction.

For the experiments, initially, a 198 mm long cylindrical rod with 5 mm diameter was chosen
as the vertical strut. However, at the wind velocities above 25 ms—!, the strut started to vibrate
continuously, which can be observed with a naked eye. Hence, it was replaced by a 180 mm
long conical rod with 5 mm and 20 mm as top and base diameters. The rod had a threaded
top that could be used to fit the meteorite model on the top of it. Finally, this vertical strut was
mounted on the surface of the aforementioned six-component balance by using a base plate.
A plexiglass test section is fitted over this setup to create a uniform control volume around the
flow of meteorite. Since the meteorite stands on the top of the force balance, a small hole of
50 mm is created on the bottom wall of the test section. The setup is presented in Fig. 2.4.
For the study of the rotation of meteorite with a rotational axis parallel to the flow direction, an
additional attachment is designed which can be fitted on the top of the vertical strut as shown
in Fig. 2.5. A shaft is inserted into this attachment and the meteorite model is then fitted on
the top of the shaft to face the flow.

2.3. Methodology

2.3.1. Determination of drag coefficient for the meteorite model

The drag coefficient of an object is dependent on its shape. Particularly, in the case of mete-
orites, as the shape varies, consequently, the drag coefficient differs for each meteorite. Thus,
firstly, in this study the accurate drag coefficient of the Broek in Waterland meteorite model
is determined. The Broek in Waterland meteorite resembles an irregular shape which can be
enclosed by rectangular cuboid, due to its two flat surfaces perpendicular to each other and
its overall geometry. Therefore, for the wind tunnel investigations a 1:1 test model is studied
with six faces facing the flow as shown in Fig. 2.6.
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Figure 2.6: Six faces of meteorite that face the flow in the wind tunnel. The direction of the flow is into the paper.

(a) Horizontal Orientation (face 1 facing the flow). (b) Vertical Orientation (face 6 facing the flow).

Figure 2.7: Orientation of the meteorite model with faces 1 and 6 facing the flow in the wind tunnel test section.

Experiments on the face 1 and 2 are performed by mounting the model horizontally as shown
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in Fig. 2.7a. Similarly, faces 3,4,5 and 6 are mounted vertically as shown in 2.7b. The drag
force for each of these six meteorite faces is measured between the wind tunnel velocities of
20~ ! to 30 ms—!. Considering the vertical length of the meteorite (as in faces:3,4,5 & 6), these
velocities correspond to the flow Reynolds number (Re) between 1.29 x 10* and 1.94 x 10%.
Since the forces are measured using the six-component balance, along with the drag force,
the side force as well as lift forces can also be measured. With the projected area for each of
these faces (), the coefficient of each force is calculated as follows

2F

Or="vig

(2.5)

where F: lift, drag and side forces and p and V are the flow density and velocity respectively.

2.3.2. Free fall analysis of the meteorite during the dark flight

The variation of the aerodynamic forces such as the lift, drag, and side forces acting on the
meteorite during its free fall from an altitude of 10 km in the dark flight will be measured. How-
ever, there will be a considerable variation in the atmospheric parameters such as density
and viscosity of air between the Mean Sea Level (MSL) and at an altitude of 10 km. Also, the
terminal velocity of the meteorite varies with the altitude. As a result, these atmospheric con-
ditions cannot be exactly created in the wind tunnel. Nevertheless, using the 'Flow Similarity’,
dynamically similar flows can be created as long as (1) the flow similarity parameters such as
M and Re stay the same and (2) the geometric shape remains geometrically similar for both
flows (Anderson, 2017).

The variation of the aerodynamic forces will be measured from 10 km altitude until the MSL at
steps of 2500 m using the flow similarity. However, at MSL, the velocity will be zero as the me-
teorite will touch down the surface of the Earth. So, 100 m will be considered as the endpoint
of the current study. Therefore, the experiments will be performed for the dynamically similar
flows at altitudes 100 m, 2500 m, 5000 m, 7500 m, and 10,000 m for a stationary model. The
flow similarity can be attained in two ways. Firstly, for a constant wind tunnel velocity, differ-
ent geometrically similar models can be used to recreate similar flows. Conversely, a single
geometrically scaled model can be used to create similar flows at different operating velocities
in the wind tunnel. Since the second approach is very less logistical complexity, in this study,
the second method is used to create similar flows.

Therefore, based on the accurate drag coefficient measured for the meteorite, terminal velocity
of the meteorite at each altitude will be calculated. Based on this, the scaling factor of the
meteorite model to be used for the free fall analysis can be determined based on the trade-off
study between the maximum wind tunnel velocity and the blockage ratio. Detailed discussion
regarding the trade-off study and the free fall analysis is presented in sections 3.1 and 3.2. If
the test model mounted in the test section blocks more than 5% of the test section area, then
the velocity measured during the experiments will be corrected accordingly to account the
blockage. The corrected velocity (V) can be calculated by applying the mass conservation
principle as follows

VooArs = VecAe  with Ao = Ars — Apyoj

Ats

o (2.6)
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where V., V¢ are the free stream and corrected flow velocities respectively, and Ars, Apr; & Ac
are the test section area, projected area of the meteorite model and corrected test section area
respectively.

Subsequently, using the corrected velocity, the force coefficients (Cr) are estimated using
equation (2.5). The corrected force coefficient is calculated as follows:

_2F
- pVC%S

where F: lift, drag and side forces and p and V are the flow density and velocity respectively.

Cp (2.7)

2.3.3. Study of rotation of the meteorite

Finally, in this set of experiments, the free fall during the dark flight of the meteorite will be
analysed for a rotating model with a rotational axis parallel to the flow direction. The test
model used in the previous set of free fall analysis will be used in this set of experiments. This
is carried out to explore the rotational characteristics of the meteorite, such as the variation
of drag, lift, and side forces acting on the rotating body. The possibility of the free rotation
of the meteorite will be verified in this set of experiments. It is carried out by attaching the
model to a spindle which is inserted inside an additional attachment as shown in Fig. 2.5.
The spindle is rotated by means of two ball bearings fitted inside the attachment. The axis of
spindle is set parallel to the flow direction, thus making the meteorite model face the incoming
flow. The experimental investigation of free rotation will be formed for the rotation of the model
in horizontal and vertical orientations.

2.4. Results & Discussion

As mentioned in section 2.3, the wind tunnel experiments are conducted in three stages.
Firstly, the drag coefficient of the meteorite model is measured accurately. Secondly, based
on the estimated Cp, a free fall analysis from an altitude of 10 km was conducted. Finally, the
possibility of rotational and associated aspects is studied. The results obtained from these
stages of experiments are discussed in detail in sections 2.4.1, 2.4.2 and 2.4.3 respectively.
Then, the effect of variation of drag and shape factor for each face is implemented using a
dark flight calculator and the corresponding results were presented in section 2.4.4.

2.4.1. Estimation of Cp

Wind tunnel tests were carried out to accurately measure the Drag coefficient (I" or Cp) for
the Broek in Waterland meteorite model. In addition to this, the lift and the side forces act-
ing on the meteorite model were measured and analysed, and the results are tabulated in
Table 2.1. The variation of the aerodynamic parameters of the meteorite model such as Co-
efficients of drag, lift, and side forces (Cp, C1,&Cyg) for each face is presented in Fig. 2.8 & 2.9.
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Fig. 2.8 presents the holistic radar plot of the variation of the of lift, drag and side force coeffi-
cients for each of the six faces of the meteorite orientation. For each face, the mean value of
the magnitude of force coefficients averaged over the Reynolds number range of 1.29 x 10*
and 1.94 x 10* is presented in the radar plot. It can be observed that unlike the assumptions
held in the usual dark flight studies, there is a finite amount of the lift and side forces acting
on the meteorite. On the other hand, Fig. 2.9 presents a delineated picture of this variation
including the I'A value of six faces. It can be observed that each of the meteorite model has
a unique Cp value that ranges from 0.44 to 0.88 with a mean value of 0.62. However, a
single value is assumed for the drag coefficient for a meteorite in the dark flight studies that
lies between 0.5 to 1.6 (Andreic, 2011; Borovicka and Kalenda, 2003; Borovicka et al., 2021;
Borovicka et al., 2019; Ceplecha, 1987). Therefore, the mean value of the current study falls
within the range of literature. Hence, if the orientation of the meteorite facing the flow during
the free fall of its dark flight changes, the drag value can change considerably, approximately
by 100% in the current study. Consequently, the impact points for each of the face changes
accordingly. Therefore, considering a single value for the drag coefficient can be inefficient
for the strewn field estimation for a meteorite fall. Because considering a single value for drag
coefficient can exclude other possible impact points of the meteorite fall.

The variation of the aerodynamic parameters for each face of meteorite model with flow Reynolds
number is presented in Fig 2.10 .The six faces of the meteorite model that were analysed in
the current study are grouped into three pairs to provide better insight into the interesting aero-
dynamic traits observed from the analysis. Each pair consists of two faces that are turned
apart by 180°, thus exactly opposite to each other.

Table 2.1: The variation of mean values of the coefficient of side, drag and lift forces and T"A for different
meteorite faces.

Coefficient of Coefficient of Coefficient of

Face Side force Drag force Lift force A
(Cs) (Cb) (Cr)
1 0.06713 0.503389 0.165511 0.526943
2 -0.10557 0.438842 0.308587 0.459376
3 0.281332 0.612442 0.101049 0.774254
4 -0.19269 0.641534 0.062173 0.811032
5 -0.04826 0.646271 -0.13911 1.11111
6 0.194725 0.878835 0.076187 1.510949

Pair 1 (Face 1 & 2):

Face 2 was expected to experience higher drag force due to the flat surface facing the flow.
But the opposite was observed from the results as shown in Table 2.1 and Fig. 2.10a. On
the other hand, the lift force acting on the face 2 is higher than face 1. Therefore, face 2
has twice the lift to drag ratio than face 1. This can be accounted to the fact that orientation
of model with face 1 facing the flow is similar to an automobile shape and the presence of
dimple shaped regmaglypt as shown in Fig. 2.11 may have attributed to further down force
acting on the model producing lesser lift. Similarly, the flat surface at the bottom of the face
2 might have created an airflow similar to aerofoil which have resulted in the higher lift and
lesser drag forces. Similarly, the surface with higher curvature as shown in Fig. 2.11 is noticed
to have higher pressure. This differential pressure force has created a side force towards right.
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Higher

Curvature Dimple

Face 1

Figure 2.11: Pair 1 of the six meteorite faces facing the air flow in the wind tunnel. The ellipse represents the
dimple shaped regmaglypt on the meteorite model and the rectangle represents the flat shape in face 2.

Once the orientation of model is changed from face 1 to face 2, the side force experienced by
the model was reversed in direction, but similar in magnitude. Thus, the surface with higher
surface curvature influences the direction of the side force. As a result, it can be inferred that



2.4. Results & Discussion 27

shape of the meteorite facing the flow can have a substantial impact on the lift force acting on
the meteorite. In case of meteorites with flat plate shape, the effect of lift force can be even
higher based on its orientation. Therefore, this pair of orientation highlights the importance
of lift force as an important factor in the meteorite dark flight and cannot be neglected during
strewn field estimation.

Pair 2 (Face 3 & 4):

Similar to Pair 1, the presence of the surface with the higher curvature forces dominates the
side force acting on the body. When the meteorite is placed with face 3 facing the flow, the
meteorite experiences the side force towards right, similar to face 1. Once the direction is
reversed, the dominant side goes behind the body as shown in Fig. 2.12. Nevertheless, both
Faces 3 and 4 experience lift and drag forces of similar magnitude and same direction. Hence,
the pair 2 emphasises the importance of the side force during a flight.

Higher
Curvature

Face 3 Face 4

Figure 2.12: Pair 2 of the six meteorite faces facing the air flow in the wind tunnel. The dotted line represents the
dominant surface with higher curvature present behind the model.

Pair 3 (Face 5 & 6):

Flat Surface

Bottom
Slant Surface

Figure 2.13: Pair 3 of the six meteorite faces facing the air flow in the wind tunnel. The ellipse on face 5
represents the dimple shaped regmaglypt on the meteorite model and the top and bottom rectangles on face 6
represents the top and bottom slant surfaces present on the meteorite body.

As expected, face 6 experiences more drag force due to the slant surface present on the top
of meteorite along with its flat surface as seen in Fig. 2.13 and has highest C'p. However, face
5 has a bit lower magnitude of C'p which can be due to its curved surface. The presence of
the dominant side can also be observed here as both face 5 and 6 experience side forces in
opposite direction. However, of all faces, only face 5 experience negative lift, thus creating a
down force. This can be attributed to the dimple on the top of the meteorite model as shown
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in Fig. 2.13. The slant surface present at the bottom surface of face 6 may have contributed
to the lift force. Additionally, face 5 also experiences lowest side force. Therefore, face 5 can
be considered as a stable orientation of meteorite from the perspective of aerodynamic forces
and the well-rounded edges might even support this hypothesis that Broek in Waterland might
have experienced an oriented fall with face 5 facing the flow and resulting in a well-rounded
surface due to ablation. However, the aspect of the meteorite stability in flight needs to be
investigated further. This can be achieved by untethered flights in a vertical wind tunnel. Also,
by estimating accurate Center of Pressure (COP), the axis of rotation can be predicted. With
this, the model can be mounted on a spindle in the axis of rotation to study the rotational as-
pects of the meteorite when placed in a flow.

Therefore, from the above discussion, it is evident that a single meteorite model has a range
of Cp and there is a finite amount of lift and side forces which are heavily influenced by the
shape and orientation of the meteorite. Thus, for a real meteorite, in addition to the drag force,
there is a strong chance that it experiences additional lift and side forces during its dark flight
in the atmosphere. Interestingly, this additional lift force, that was observed in the wind tunnel
experiments, will be translated to another side force in a direction perpendicular to other drag
and side forces. This is because, in the wind tunnel experiments, the lift force act perpendicular
to the incoming flow. When this motion is converted into the free fall through atmosphere, the
lift direction pushes the body further in the direction of motion. Therefore, higher lift force
implies the body travels farther in the direction of motion. Hence, both lift and drag forces
must be considered during the dark flight simulations to maps accurate strewn fields.

2.4.2. Free fall analysis

The free fall analysis involves the estimation of terminal velocity as mentioned in section 2.3.2,
which is a functioned of the drag coefficient. Since, considering each of the drag value of all six
faces complicates the experiments, the average value of the drag coefficients was considered
to study the free fall characteristics of the meteorite. Therefore, based on the results obtained
for the 1:1 Broek in Waterland model, the mean drag coefficient of 0.62 is considered. With this
value, the scaling factor to simulate the similar flows over the meteorite was calculated to be
1.75 considering the trade-off between the wind tunnel velocities and its blockage. Using the
1.75x model, the similar flows at altitudes 100 m, 2500 m, 5000 m, 7500m and 10,000 m were
studied in the wind tunnel. The Reynolds numbers corresponding to flow from 10,000 m and
100 m lie in between 2.14 x 10° and 3 x 10° respectively. The flow velocities were corrected
as per equation (2.6) accounting the blockage created in the test section of wind tunnel by the
1.75x mode for each orientation. The aerodynamic parameters at each Reynolds number are
averaged for all faces to obtain the mean value for the entire meteorite model. The variation of
these mean values of aerodynamics parameters for the meteorite model with aforementioned
altitudes and corresponding flow Reynolds number is presented in Fig. 2.14, 2.15, 2.16 and
217.

Since the shape factor of the entire six faces is averaged, the influence of shape factor 'A’ can-
not be noticed in Fig. 2.17 and the trend is identical to the variation of Cp as in Fig. 2.14. It can
be noticed that all the aerodynamic parameters decrease with decreasing altitude, therefore,
decrease with increasing Reynolds number. On the other hand, the side force first increases
with decreasing altitude and then plummets sharply as shown inf Fig. 2.16. Highest variation
can be observed in the lift force, where C, drops 10% with the meteorite descent as shown
in Fig. 2.15. Similarly, smaller variations of 5.82%, 5.35% and 5.24% was observed for the
variation of Cs, Cp and I'A respectively.
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Therefore, for a single meteorite, with varying altitude, the aerodynamic characteristics can be
seen to vary. As a result, it can be inefficient to assume a single value for the entire body for
varying altitude. Further studies can help to sketch the generic variation of these properties for
a meteorite. The variation of each of these parameters with Reynolds number for all six faces
is plotted in Fig. 2.18. It can be seen from the figure that the aerodynamic parameters during
the free fall almost does not vary with the Reynolds number, except in few cases. which are
discussed in detail below.

Coefficient of Drag force

Face 1 experiences lesser drag at higher Reynolds number (2.14 x 10° and 3 x 10°) as shown
in Fig. 2.18a compared with the lower Reynolds number in Fig. 2.10a. Therefore, at higher
Reynolds number, the decrease in Cp might indicate that the dimple present in the meteorite
is not influencing the flow around the meteorite, thus resulting in lesser drag. Interestingly,
face 2 experiences more drag at higher Re and even comes closer to face as shown in 2.18a.
The drag force measured for the faces 3,4, and 5 is little lesser at higher Re compared to
lower flow velocities. Nevertheless, face 6 follows almost the same trend with the increase
of Reynolds number. Consequently, it can be inferred that the faces with curved surfaces
experience lesser drag with increasing Reynolds number. Similar trend can be observed in
the variation of I'A from Fig. 2.18d.

Coefficient of Lift force

From Fig. 2.18c it can be noticed that face 1 experiences more lift than the face 2, as opposed
to the finding in Fig. 2.10b. This further supports the conjecture of absence of dimple effect
with increasing Re, therefore, smoothing the flow at that point. Further investigations can be
carried out using flow measurement and visualization techniques to peruse the effects of the
dimple. Hence, similar to Fig. 2.10b, Faces 1 and 2 creates higher lift compared to other faces.
Likewise, even with the increase in the Reynolds number face 5 faces the negative lift force.
Faces 3,4, and 5 follow the similar trend and no significant variation was observed in the lift
forces.

Coefficient of Side force

Face 3 and 4 still experience highest side force as shown in Fig. 2.18b similar to Fig. 2.10c
due to the highly curved surface. However, the equal and opposite trend observed in three
pairs in the lower Reynolds number was not noticed in higher Reynolds number, as face 1
experienced a constant side force in negative sense as observed from Fig. 2.18b.

In short, with the free fall analysis, it was observed that Face 1 behaves differently with increas-
ing Reynolds number, this can be attributed to the smoothing of flow around the nose and can
be further studied using the flow measurement techniques for better understanding. And finite
amount of side and lift forces were observed from the experiments. Haack et al. (2019) argues
that the oriented flight of the meteorite might have created a lateral acceleration that resulted
in the deviation of the fragment of Ejby fall. Further, the effect of lateral velocities attained by
the meteorite due to aerodynamic forces can be observed in the speculations of Borovicka et
al. (2019), Brown et al. (2019), and Spurny et al. (2014). This finding supports the speculated
hypothesis regarding side and lift forces acting on the meteorite. Therefore, it can be clearly
observed that there is a need to consider the aerodynamic forces during the meteorite dark
flight.
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Figure 2.18: Variation of the aerodynamic parameters for six faces of the meteorite model with Reynolds number
of the flow measured during the free fall analysis. (a) Variation of Cp; (b) Variation of Cs; (c) Variation of Cy; (d)
Variation of T'A.

2.4.3. Rotation of meteorite

Interesting findings such as the least side force and the negative lift force encountered by
the meteorite along with its well-rounded edges provided the impetus to explore the rotational
aspects of the meteorite model and the corresponding effects on its dynamics. With this,
the meteorite model was mounted on a shaft in both vertical and horizontal orientations as
explained in section 2.3.3. The setup in Fig. 2.5 presents the vertical orientation of the model,
this makes face 5 to face the incoming flow generated by the wind tunnel. In a similar manner,
when the model is oriented horizontally, face 1 faces against the incoming air flow. The setup
and the flow over the meteorite in both orientations is graphically illustrated in Fig. 2.19.
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Figure 2.19: Flow over two orientations of the meteorite model mounted on a shaft. It can be observed that for
the horizontal and vertical orientations, Faces 1 and 5 will be against the incoming flow.
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Figure 2.20: Variation of the drag force with Reynolds number of incoming flow for a rotating model.
(a) Horizontal orientation with face 1 facing the incoming flow. (b) Vertical orientation with face 5 facing the
incoming flow.

The scope of the current set of experiments explores the natural rotational ability of the mete-
orite. For this, no external or internal motor is used to rotate the model. The rotation of model
is created by the motion of shaft fitted in the support structure when the air flows past the me-
teorite model. However, during the experiment the meteorite model did not rotate on its own.
For this reason, to initiate the rotation, a minute perturbation is created by nudging the model
assuming that wind gusts might create similar perturbations during the atmospheric flight. In
case of vertically oriented model, with a little nudge, the model started to rotate naturally and
smoothly until the end of the experiment. When the model was oriented horizontally, the model
started rotating naturally, but whenever the motor speed of the wind tunnel is varied, the model
ceased to rotate. For that, whenever the flow velocity is varied, little nudge is provided to hor-
izontally oriented model to initiate rotation. In both cases, the incorrect alignment of the shaft
with the COP is speculated to be the reason for the hindrance of rotation. However, with its
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irregular shape of the meteorite made the estimation of COP complicated. Nevertheless, the
experimental data is collected only after the consistent rotational motion was achieved, but
not immediately after the perturbation. The results obtained from these experiments are pre-
sented in Fig. 2.20, 2.21 and 2.22. The results obtained from the horizontal orientation might
not reflect the true nature of the rotational facets of the horizontally oriented model. Yet, in
the current study, the results of horizontally oriented model is used to uphold the results of
vertically oriented model.
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Figure 2.21: Variation of the lift force with Reynolds number of incoming flow for a rotating model.
(a) Horizontal orientation with face 1 facing the incoming flow. (b) Vertical orientation with face 5 facing the
incoming flow.
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Figure 2.22: Variation of the side force with Reynolds number of incoming flow for a rotating model.
(a) Horizontal orientation with face 1 facing the incoming flow. (b) Vertical orientation with face 5 facing the
incoming flow.

For a rotating model, the drag force reduces, this trend can be seen for both the orientations
as plotted in Fig. 2.20. In case of the vertical orientation, the drag reduces by almost 10%
on average and maximum by 14%. For the horizontal orientation, a maximum decline of 25%
was noticed. For the vertically oriented model, both the lift and side forces almost stays zero
throughout the flow as shown in Fig. 2.21b and 2.22b. For the vertically oriented model, the
lift and side forces both increased by 100% compared to the stationary model. Similarly, for
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the horizontally oriented model, the lift and side forces approach zero value with increasing
Reynolds number, with a variation of approximately 150% and 40% respectively compared to
the stationary model. Thus, it can be inferred that the rotating meteorite generates positive
lift and side forces compared to the stationary model in the same orientation. However, it
cannot be inferred as 'Magnus Effect’ because the flow direction with respect to the direction
of rotation is different from the one observed in the Magnus effect. Nevertheless, prospective
study can be conducted with a more optimised meteorite rotation mechanism to investigate
the Magnus effects.

Therefore, from the above results for the rotating model, it can be inferred that for an oriented
fall, the lift and side forces are significant enough to contribute to the atmospheric flight of
meteorite. In such a case, the meteorite deviates from the predicted trajectory due to the lift
and side forces. Conversely, for a rotating model, the side and lift forces become zero. Con-
sequently, follows the predicted path. Nevertheless, most of the dark flight studies assume
no rotation of meteorite and also assume the side and lift forces does not exist throughout the
flight. But, based on the experimental analysis, both of the assumptions will not be valid. So, in
case of non-rotating flight, the lift and side forces must be considered. Even though the place-
ment of rotational shaft was not optimised for the current study, the results of the experiment
were significant enough to pursue further studies to examine the rotational characteristics of
the meteorites.

2.4.4. Implementation

As a further stride, to study the influence of the aerodynamic parameters on the impact points
of a meteorite fall, the ablation and dark flight calculator (Bettonvil and Bettonvil, submitted)
was utilised to simulate a meteorite dark flight. The input to this simulator includes wide range
of variables including the meteorite properties such as initial mass, density, drag coefficient
(Cp or I'), shape factor (A) and trajectory properties such as the beginning and terminal loca-
tions and altitudes for both luminous and dark flight part. From the above experiments, different
values were obtained for each face of the meteorite ranging between 0.35 to 0.82. However,
in the literature, different values were used for the drag coefficient and shape factor for a spher-
ical body. For example, Borovicka and Kalenda (2003) and Borovicka et al. (2021) assumes
I" to be 0.7 and 0.5 respectively for the same shape factor of 1.21. Similarly, Borovicka et al.
(2019) assumes higher A of 1.4 for a I' of 0.5. Therefore, in other case, Gritsevich (2008)
assumed I" and A of 1 and 1.209 for the same spherical body. Hence, the inconsistency in the
assumptions for a single spherical body can be observed clearly. Therefore, the values of T’
and A obtained from the experimental results as well as the values from the aforementioned
literature will be implemented in this code. The discrepancies caused by the inconsistency in
the assumptions regarding the aerodynamic coefficients will be studied in this implementation.

Unfortunately, the fireball observations of the Broek in Waterland meteorite fall were not well
documented and the only recorded observation is captured using a dashboard camera. Con-
sequently, this data is insufficient to extract data regarding the luminous phase of the fall.
Nevertheless, this study is focused on the importance of the aerodynamic aspects of the fall,
which are well known and estimated from the current set of experiments. Besides, based on
the volume and mass of the recovered meteorite, the density of the Broek in Waterland mete-
orite is estimated to be 3025 kgm~3. Hence, remaining unknown input parameters were fed
according to the relevant literature as well as according to the suggestions from one of the
experts studying the fall (Bettonvil, personal communication) which was discussed in detail in
section 3.3.
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Figure 2.23: lllustration of dark flight simulation implemented as a part of study to verify the influence of the
aerodynamics on the atmospheric flight. Yellow line illustrates the fictitious luminous trajectory of the meteorite
which was assumed to enter the atmosphere at 50° near Broek in Waterland region. The dark flight was
assumed to start at Delft University of Technology. The green marker with star label points the beginning point of
luminous trajectory at (52.50, 5.00) at an altitude of 85,000 m. The red marker labelled as 'D’ denotes the
beginning point of dark flight at (51.99, 4.376) at an altitude of 25,000 m. The group of multi-coloured markers at
the bottom represent the group of impact points estimated from the simulation.
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Figure 2.24: Impact points calculated using a dark flight calculator for each face of the meteorite model. Fig. 2.23 is presented as Panel 'A’ at the upper left corner of the
image. Panel A illustrates the fictitious luminous trajectory of the meteorite which was assumed to enter the atmosphere at 50°, close to the Broek in Waterland region.
The dark flight was assumed to start at Delft University of Technology. The dark yellow rectangular box in Panel A is zoomed in as Panel ‘B’ which consists of the fall
points with the same legend from Fig. 2.23. The red markers denote the impact points for each face of the Broek in Waterland meteorite with the number denoting the
meteorite face. The yellow marker denotes the impact point estimated using the mean value of all six faces (I = 0.563 and A = 1.343). The cyan markers represent the
fall points that are estimated using the assumed values from the literature. The broad yellow line in Panel ‘B’ illustrates the separation of 24 km between the impact points
of face 1 and 6 of the meteorite.
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For the simulation, the fictitious luminous phase is used, starting roughly from Broek in Wa-
terland and ending above Delft to illustrate the outcome of different aerodynamic assump-
tions. Therefore, the luminous trajectory is assumed to start at the geographical coordinates
of (52.50,5.00) at an altitude of 85 km, presented as green marker with star symbol in Fig.
2.23. The meteoroid is assumed to enter the Earth’s atmosphere at an angle of 50°, with a
speed of 22 kms~—!. And this luminous trajectory is assumed to continue until the dark flight
point, which is assumed to be (51.99, 4.376) at 25 km, shown as red marker labelled as 'D’ in
Fig. 2.23 and the yellow line connecting these two points represents the luminous trajectory
of the meteorite flight. And, similar to the experiments, no fragmentation was assumed during
the flight. Consequently, under these input parameters, the dark flight code is executed for
following cases,

» I" and A for each of the six faces of meteorite estimated from the free fall analysis.

+ Mean value of drag coefficient and shape factor (I' = 0.563 and A = 1.343), averaged
for six faces.

» I"and A from the literature assumed for the dark flight studies.

The impact points obtained from the simulations are plotted below the marker ‘D’ as smaller
markers of different colours. The Fig. 2.24 presents a focused view of these impact points in
Panel 'B’, with Fig. 2.23 as Panel 'A for reference. The spread of the impact points due to the
variation in I and A for each point can be seen clearly from the results. This further reinforces
the significance of aerodynamic parameters on the atmospheric flight of the meteorite. From
the results, the impact points of faces 1 and 6 are separated by 24 km as shown in Fig. 2.23
with the yellow line. Hence, a variation in the orientation of the meteorite can shift its impact
point by a significant distance. And from the results, the impact points are noticed to shift right-
wards (laterally) with increasing I A with lowest begin face 1 (I'A = 0.374) and highest for face
6 (I'A = 1.403). Based on the results from this implementation, in case of Broek in Waterland,
the strewn field shift laterally with the increase in the shape factor. This might be subjected to
the meteorite shape and direction of wind. Yet, the shift of impact points can be clearly seen
for a single meteorite body. However, in case of multiple fragments, it can be inferred that
larger fragments might travel eastward, and the more streamlined fragments travel south, or
in the direction of the wind.

The values that are considered in the literature were used to check the proximity of the impact
points to the values from the experimental results, as well as to study the inconsistency in the
assumptions. And the impact points seem to fall within the estimated range. Interestingly, it
can be noted that, the values used for I" and A in the literature for a spherical body resulted
in widespread impact points in the fall site. It can be clearly observed that the values from
Borovicka et al. (2019) and Borovicka and Kalenda (2003) is very close to the impact points
of faces 3 and 4 respectively. It is interesting to note that, in the aforementioned literature,
the values were assumed for a spherical shape. However, face 3 and 4 were non-spherical
in nature, approximately resemble hemispherical shape. Therefore, this highlights the incon-
sistency of the I' and A assumption for a single spherical body in the literature.

In brief, the aerodynamic characteristics of the meteorite can be seen to strongly influence the
impact points of the meteorite fall and results in a significant spread between the fall points
for various orientations. This supports the conclusion drawn from the rotational study, that
in an oriented fall, the meteorite gets heavily influenced by the aerodynamic forces and as a
consequence, it can deviate from the predicted trajectory.
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2.5. Conclusions

The main goal of the present study was to experimentally investigate the aerodynamic forces
acting on a meteorite during its dark flight. To achieve this, a 3D printed model of Broek in
Waterland meteorite was used as the test model in the wind tunnel tests. The variation of
aerodynamic forces was measured for each of the six faces of the meteorite and the results
were analysed and discussed above, based on which the following conclusions are drawn for
this study.

» Each of the six faces of the meteorite has a unique drag coefficient as expected. The
range of I lies between 0.35 and 0.88 , for a single body. Therefore, assuming a single
value for I" during the dark flight studies can result in excluding the other possible impact
points. Finite amount of lift and side forces were measured from the experiments. Also,
the effects of the irregular meteorite shape on the lift and side forces were noticed. A
dominant curved surface that strongly influences the direction of the side force acting on
the meteorite was identified.

* In the free fall analysis carried out for the descent from 10 km to 100 m, variation in lift,
drag and side forces with the decreasing altitude were observed. Face 5 was identified
to be most stable orientation, in terms of the aerodynamic forces. As it is the only sur-
face that experiences negative lift force along with least side force in the entire test flow
regimes. This results in lesser deviation of the meteorite from the predicted path and
the negative lift does not carry the meteorite farther away from the predicted path. The
well-rounded surface of face 5 might suggest that meteorite may have ablated during
its luminous phase facing the flow in this orientation, further upholding the hypothesis of
stable orientation and infers an oriented flight during the fall.

» Rotating meteorite experienced lesser drag than the stationary model. Also, zero lift and
side forces were experienced for a rotating meteorite, when face 5 faces the flow. Thus,
it can be deduced that in case of oriented fall, aerodynamic forces are significant enough
to turn the meteorite from the predicted path. Hence, if no rotation is assumed during
the dark flight studies, then lift and side force must be accounted in the dynamics of the
meteorite.

» Depending upon the variation of " 4, the impact points are spread accordingly in the dark
flight implementation. The impact points are separated by 24 km for a single body when
the orientation of meteorite is changed from face 1 to 6, assuming an oriented flight. This
supports the conclusion that in an oriented fall, the meteorite might deviate from its path
due to the aerodynamic forces acting on it.

Based on this experimental study, it is clearly evident that aerodynamic forces significantly
influence the dark flight of the meteorite, consequently, its impact points as seen from the
simulations. Particularly, in case of non-rotating oriented fall for an irregular shaped meteorite,
a range of aerodynamic coefficients exists for a single body, which needs to be accounted
during the dark flight simulations. In such a way, by accounting for all possible ranges of ', A
and including the lift and side forces in the meteorite dynamics can help one to estimate differ-
ent possible strewn fields and by mapping out the common intersecting areas, thus indicating
the impact sites with a higher probability. Modelling the variation of aerodynamic forces as a
function of flow Reynolds number will make it suitable for different meteorite shapes.
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Future work

Prospective studies include designing better models including the lift and side forces, exper-
imental studies with flow visualization techniques and different flow regimes of complete un-
derstanding of meteorite aerodynamics such as Magnus forces, boundary layer effects during
the hypersonic velocities. Prospective experimental studies also include using untethered 3D
printed models in a vertical wind tunnel to understand the dynamics of free fall in a sophis-
ticated way. With this, even dynamics of meteoroid fragments can also be studied. Thus,
offering a wide scope of research in the field of meteoritics as well as aerodynamics.



Supplemental Material

This chapter provides the additional information regarding the underlying fundamental work
that was carried out during the thesis project. Hence, this discussion provides further insight
into the journal article that was presented in chapter 2. The content of this chapter includes
a detailed discussion regarding the experimental setup instrumentation and data acquisition,
flow similarity analysis of free fall flow regimes, and the information about the dark flight model
that was implemented in the thesis project as discussed below.

3.1. Experimental data acquisition

The experiments of the current thesis study were performed in the W-Tunnel. It is a subsonic
open jet wind tunnel with square test section. In this wind tunnel, three interchangeable con-
traction sections with exits of 40 x 40 cm?, 50 x 50 cm? and 60 x 60 cm? can be used in this wind
tunnel. With the varying test section, maximum achievable velocity will also vary accordingly.
With increasing test section area, the maximum achievable velocity decrease. Therefore, the
maximum velocity of 35 ms~! can be attained for the 40 x 40 cm? test section. Nevertheless,
if larger test model (scaled model) is placed in the test section, flow blockage will be created.
In order to accommodate the larger model, accounting the flow blockage, then the maximum
achievable velocity decreases. Also, with larger models, the printing time of the meteorite
model also increases. Thus, a trade-off needs to be achieved in terms of maximum achiev-
able velocity, test section area and scaling of the meteorite model. Considering these factors,
a 1.75x model was considered for the free fall analysis.

A six-component balance was used in the current experimental study to measure the forces
and moments in three perpendicular directions acting on the body (Alons, 2008). The test
object can be mounted on an Aluminium plate present on the balance. With the help of the
bolt holes, the test setup can be mounted on the Aluminium plate. The data acquisition of the
forces and moments acting on the test model is carried out continuously using six load cells (or
Wheatstone bridges). These load cells are connected in a 6-wire configuration with sensing in
the Load Cells of the excitation, with an excitation voltage of 10 V. The balance was calibrated
using a dead weight during its delivery to Delft University of Technology.

The six load cells are connected to a sensor measurement system using data cables. Using
this system, both time averaged as well as instantaneous data can be acquired during the
measurement time. A built-in LabVIEW program in the wind tunnel laboratory was used to
read, display, and export the data acquired from the sensors. For the experiments, data was
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acquired for a period of 45 seconds with a sampling frequency of approximately 1996 Hertz,
thus giving 89,800 samples of instantaneous data. The instantaneous data and time averaged
data can be stored in the system. In the current set of experiments, the data at zero wind
velocity was measured at the beginning of each set of experiments. Then the experiment was
conducted at the required wind velocities and the corresponding data was collected. The data
at the zero velocity contains the bias present in the measurement system and hence it can be
removed from the measured data. This can be achieved by subtracting the zero-velocity data
from the data measured at other velocities. Finally, this data was used for the data analysis
and interpretation.

3.2. Flow similarity analysis

The recovered mass of the Broek in Waterland meteorite was measured as 530 grams. The
free fall was analysed at the altitudes 10 km with an interval of 2.5 km. However, this would
bring the final altitude to be Mean Sea Level (0 km). Hence, the final altitude is considered
to be 100 m. Therefore, the five altitudes considered are 10 km, 7.5 km, 5 km, 2.5 km, and
0.1 km. Since the free fall analysis is considered from an altitude of 10 km, by the time the
meteorite reaches this altitude, it was assumed that the body attained terminal velocity due to
its lower mass. Terminal velocity (V;) of the meteorite at a given altitude (h) during its free fall

is calculated as follows.
2mg
=/ A
Vi pACp (31)
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where the properties such as acceleration due to gravity (g), density of the atmosphere (p),

kinematic and dynamic viscosity (u, ) are calculated as follows (Anderson, 2017)
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The flow Reynolds number is given by
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The dynamic viscosity of air is calculated using the Sutherland’s law (Roy and Blottner, 2006)

(3.4)
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Properties such as acceleration g, p, x and v are dependent on the altitude, whereas the mass
(m), characteristic length (D), Projected area (A) and Drag coefficient (Cp) are attributes of
the meteorite. Based on the experimental calculations, the mean value of the drag coeffi-
cient of the Broek in Waterland meteorite was measured as 0.62. Using SOLIDWORKS, the
characteristic length and projected area of the meteorite were estimated to be 9 cm and 54.1
cm? when the face 5 faces the flow. Wind tunnel (W) operates at the sea level conditions at
following flow properties

+ Density, pyy = 1.225 kgm—3

+ Velocity, Viy =30 ms™!

« Dynamic Viscosity, py = 1.7890x 1075 Pa.s
+ Kinetic Viscosity, vy = 1.4607x107° m2s~!
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Therefore, on the basis of flow similarity,

vwDw  vpDy
Rew = Rep, = =
vw Vp

Where, V}, and v, are the terminal velocity (V;) and kinematic viscosity at the given altitude
'h km. And Dy, D, are the characteristic lengths of the model in the wind tunnel and at
considered altitude (h).

Dw = [”WV“] « Dp, = K x Dy, (3.5)
vhVw

Where, K is 'Scaling factor’ of the model. Therefore, D;, will be 9 cm as it is the original char-
acteristic length of the meteorite during the fall. With the properties at certain altitude, the
scaling factor can be estimated using equation (3.5). Nevertheless, this approach will result
in different models with various characteristic lengths corresponding to various altitudes at a
constant wind tunnel velocity.

Conversely, if the size of the test model used in the wind tunnel (Dyy) is fixed, then the wind
tunnel velocity can be varied to create similar flows over the body. However, two things need to
be considered in this approach. (1) The limit of the wind tunnel velocity and (2) The blockage
created by the model in the wind tunnel test section. In the current study, the blockage of the
model was aimed not to cross 10 4+ 0.5% and the estimated wind tunnel velocities should not
exceed 30 ms—!. The wind tunnel velocities corresponding to the terminal velocity at a given
altitude is calculated as

Vi = [”‘”DD“} % Vb, = U x Dy, (3.6)
Vhbw

Where, U is the velocity factor. In this approach, the logistics can be simply reduced to two
models for horizontal and vertical orientations. Considering the trade-off requirements for the
blockage and wind tunnel velocity, a 1.75x scaled model is assumed in the current study.
The wind tunnel velocities and flow Reynolds numbers corresponding to the five altitudes are
presented below in table 3.1. This model would correspond to a blockage of 10.35% in the
wind tunnel test section (40 x 40 cm?), to which the corrections will be applied accordingly. It
can also be observed from table 3.1 that the wind tunnel velocities did not exceed 30 ms—!.
Thus, the free fall analysis is conducted at these flow Reynolds numbers.

Table 3.1: Flow Reynolds number and corresponding wind tunnel velocities to create similar flows at five
altitudes for the free fall analysis of a 1.75x scaled model of Broek in Waterland meteorite.

Altitude Terminal Velocity Reynolds Corresponding
[m] [ms—1] number  Wind tunnel velocities [ms~!]
0 50.49 3x10° 28.63
2500 56.84 2.78x10° 26.54
5000 64.79 2.56x10° 24 .44
7500 74.49 2.35x10° 22.40

10000 86.48 2.14x105 20.42
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3.3. Implementation of the Dark flight model

To study the influence of the aerodynamic parameters on the impact points of a meteorite fall,
a dark flight calculator is used. The code for the simulation of dark flight ! was created by Bet-
tonvil and Bettonvil (submitted). The input to this simulator includes wide range of variables
including the meteorite properties such as initial mass, density, drag coefficient (Cp or I'),
shape factor (A) and trajectory properties such as the beginning and terminal locations and
altitudes for both luminous and dark flight part.

Hence, in the current study, the results of Drag coefficient (I') and Shape factor (A) obtained
from the experiments was implemented in this code to study their influence on the impact
points. Each of the six faces of the meteorite as shown in Fig. 2.6 have unique I" and A, thus
creating six test cases. And mean of " and A for these six faces was also fed as test case to
the simulator. Additionally, four test cases containing the values of I" and A from the literature
were also fed as the input. Thus, eleven test cases as presented in table 3.2 are fed into the
simulator to obtain the fall locations for each case. Each of the input variable that was used in
the test cases for this study is discussed elaborately below.

Due to the lack of the fireball observations for the Broek in Waterland meteorite, most of the
input parameters are unknown. Other than Density, Drag coefficient and Shape Factor, other
input parameters were fed according to the literature, default values provided in the code and
upon the consultation with Felix Bettonvil (Bettonvil, personal communication). Hence, based
on these, the values for each of the input parameter is presented below.

1. Initial mass: The value of entry mass for the Broek in Waterland meteorite is unknown.
The dark flight calculator returns the value of the remnant mass after ablation during the
simulation. The code was initially run with an arbitrary initial mass to check the remnant
mass for a particular test case. Based on this, the initial mass value is iterated until the
remnant mass of the meteorite reaches 0.53 £ 0.03 kg.

2. Density: Based on the recovered meteorite mass of 0.53 kg and its volume from the 3D
analysis, the density of Broek in Waterland meteorite is 3025.153 kgm 3.

3. Entry speed & Zenith angle: Based on the literature, the values for the meteorite entry
speed and entry zenith angle were assumed to be 22 kms~—! and 50° respectively.

4. T' & A: For each test case as mentioned above, different set of I' and A. These values
are presented in table 3.2.

5. Luminous efficiency, Heat transfer coefficient & Ablation heat: Default values of
0.001, 0.15 and 2 x 10% Jkg~! were used for the luminous efficiency, heat transfer coef-
ficient and ablation heat respectively.

6. Fragmentation: As mentioned before in chapter 2, fragmentation effects were not con-
sidered in the current study to avoid the complexity in the aerodynamic interactions.
Nevertheless, in the current project, the aerodynamics of a single body was studied,
thus making fragmentation less significant. Hence, no fragmentation was considered.
Hence, the input value of fragmentation amount remains 1 with a blank value for the
fragmentation altitude.

7. Altitudes: Considering the literature and the scope of the current study to analyse the
free fall from an altitude of 10 km, the dark flight was assumed to start from an altitude
of 25 km for the simulations. Thus, the input values for following input parameters were
considered to be 25 km.

"https://github.com/dudaskule/AblationCalculatorPy
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(a) Beginning height of dark flight calculation
(b) Height of End point luminous trajectory
(c) Terminal height luminous trajectory

8. Coordinates of beginning & end points of luminous trajectory: The coordinates of
beginning and end point of luminous trajectory along with respective altitudes are usually
obtained from the fireball observation data. These are used to compute the direction of
the flight direction in the atmosphere. However, in the current case of fictitious simulation,
following locations for luminous trajectory were arbitrarily considered for all test cases:

» Beginning point: (52°30'00.0°'N, 5°00'00.0°E) at an altitude of 85 km.
« End point: (51°59'24.0'N, 4°22'33.6'E) at an altitude of 25 km.

Table 3.2: Value of input variables for different test cases for the dark flight implementation using dark flight
calculator.

Sono Test Case Initial Mass Drag Coefficient Shape factor

[kg] () (4)

1 Face 1 0.69 0.358 1.047
2 Face 2 0.68 0.370 1.047
3 Face 3 0.63 0.547 1.264
4 Face 4 0.61 0.659 1.264
5 Face 5 0.615 0.628 1.719
6 Face 6 0.595 0.816 1.719
7 Mean value 0.625 0.563 1.343
8 Borovicka and Kalenda, 2003 0.605 0.7 1.210
9 Borovicka et al., 2019 0.64 0.5 1.400
10 Gritsevich, 2008 0.585 1 1.209
11 Borovicka et al., 2021 0.64 0.5 1.21

With the following values for remaining input parameters for all the test cases presented in
table 3.3

Table 3.3: Values for the remaining input parameters to the simulator common for all test cases

Input Parameter Value
Density (kgm~3) 3025.153
Entry Speed 22

Zenith angle of entry 50
Luminous efficiency 0.001
Heat transfer coefficient 0.15
Heat of ablation (Jkg—!) 2 x 108
Fragmentation amount 1

Height of fragmentation (m) -
Beginning height of dark flight calculation (m) 25000

Geographic latitude of End point luminous trajectory (deg) 51.99
Geographic longitude of End point luminous trajectory (deg) 4.376

Height of End point luminous trajectory 25000
Geographic latitude of Beginning point trajectory (deg) 52.5
Geographic longitude Beginning point trajectory (deg) 5.00
Terminal height luminous trajectory (m) 25000

Height of Beginning point luminous trajectory (m) 85000







Conclusions

In most of the dark flight studies, the aerodynamics of the meteorite is usually not considered
in detail and its effect is overlooked with common assumptions regarding the meteorite shape,
and by ignoring the aerodynamic forces acting on the meteorite model during its atmospheric
flight. Also, the possibilities of an oriented fall or the meteorite rotation are also ignored. And,
in few case studies of meteorite falls, the aerodynamic effects on the dark flight and the im-
pact points were clearly observed, pointing out the significance of the meteorite shape, the
aerodynamic forces acting on it, thus emphasizing the need to consider them in the dark flight.
Hence, with this scientific gap as an impetus, following research question was formulated for
this study

What are the aerodynamic characteristics of an irregularly shaped meteorite during
the subsonic regime of its dark flight?

Hence, in this study, the aerodynamics of an irregular shaped meteorite in subsonic flow
regime during its dark flight phase is experimentally investigated in wind tunnel. For this, a
3D printed model of Broek in Waterland meteorite was used as a test model, which fell in the
Netherlands on 11th January 2017, making it one of the recent meteorites falls. In addition
to this, the intact nature of the meteorite and the availability of its high-quality surface data
recorded before it was cut for the scientific studies and its well-rounded surfaces with a flat
back surface made this model particularly unique and therefore was considered as the mete-
orite model for this study. This study can be divided into four parts, as discussed below.

Firstly, using a 3D printed 1:1 model of the Broek in Waterland meteorite, accurate drag coeffi-
cient (Cp) is estimated. To estimate this, the variation of Cp is measured from 20 to 30 ms—*,
which corresponds to the flow Reynolds number 1.29 x 10* and 1.94 x 10*. In addition to the
drag force, the lift and side forces in this flow regime is also measured for a further under-
standing of meteorite dynamics. The study was conducted for the six faces of the meteorite
model, to understand the effect of shape on the aerodynamic forces. From experiments, it
was found out that each face has a unique drag coefficient as expected. And the estimated
values of C'p in this flow regime lies between 0.45 to 0.88 for a single meteorite. On the other
hand, single value within this range is usually assumed for the spherical shaped meteorite
body. Hence, considering a single value for a meteorite can be inefficient for the strewn field
estimation. In this flow regime, for the meteorite model, Cp = 0.625,Cr, = 0.143 & C'g = 0.148,
indicating that there exists a finite amount of side and lift forces acting on the meteorite model.
Apart from this, a surface with higher curvature was observed which strongly influences the
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direction of the side force and was dominant in flow against each of the six faces during the
experiment. In a similar way, a dimple shaped regmaglypt was noticed influencing the flow
around the meteorite when face 1 was positioned against the air flow from the wind tunnel,
thereby influencing the drag and lift forces acting on the meteorite model.

Subsequently, based on the estimated value of the drag coefficient for the meteorite, the free
fall of the meteorite was simulated at altitudes 10 km, 7.5 km, 5 km, 2.5 km, and 100 m corre-
sponding to the rise of Re from 2.14 x 105 at 10,000 m to 3 x 10° at 100 m. The scaling factor
that could simulate the corresponding flow regimes in the wind tunnel is estimated to be 1.75,
considering the trade-off between the wind tunnel velocities and the flow blockage in the test
section of wind tunnel. This model is tested in the aforementioned flow regime to study the
variation of the aerodynamic forces during the free fall. The flow measurements are corrected
for the blockage caused by the 1.75x model in the test section. Based on the results, primarily,
it was observed that for each face there a little reduction of drag coefficient in this flow regime,
compared to the previous flow regime. This brought down the range of Cp to 0.358 - 0.816
in the flow Reynolds number 2.14 x 10° - 3 x 10°. However, for each face the aerodynamic
forces were not seen to vary very much with Reynolds number. Since each face experiences
distinctive magnitude of aerodynamic forces, to study the body as whole, the properties of six
faces were averaged. In that case, it was observed that with decreasing altitude, the force
coefficients decrease a bit. The effect of the dimple was not observed in this flow regime,
suggesting that the flow might have become smooth over the dimple at higher Re. Similar to
the previous flow regime, face 5 with strongest curved surface, was the only orientation that
experienced least side force and negative lift force. This might indicate that during the free
fall of the meteorite with face 5 facing the flow, the least side force and negative lift force that
thrusts down the model can make the model fall with least perturbations, thus making it most
stable of all faces, in terms of aerodynamic forces. However, the stability aspects of the me-
teorite need further studies for better comprehension.

In order to study the feasibility of the rotation, the meteorite model was fitted to a shaft and was
mounted against the flow, in both horizontal and vertical orientations such that face 1 and 5
would face the flow respectively. The rotational experiments were also conducted in the same
flow regime of the free fall analysis. Natural rotation was observed in the vertical orientation
when the body is perturbed slightly. However, intrinsic rotational capability was not observed
in the horizontal orientation. For the rotating model in vertical orientation, the meteorite model
experiences lesser drag compared to the stationary case for the same face. In addition to
this, vertically rotating model generated zero lift and side forces throughout the flow regime,
whereas the stationary model created finite amount of respective forces. Therefore, it can
be concluded that, in case of a non-rotating oriented meteorite fall, finite amount of lift and
side forces are experienced by the meteorite that can result in deviation of the body from the
predicted trajectory. On the other hand, the zero lift and side forces generated by the rotating
body can make the body follow the predicted trajectory. However, in the dark flight studies,
both rotational and the aerodynamic forces are not considered together. Hence, based on
these results, it can be observed that the aerodynamic forces must be considered during the
simulation in case of non-rotating fall. This set of experiments produced significant result to
propel the future studies in the dimension of meteorite rotation.

Finally, the experimentally calculated values of meteorite drag coefficient (I') and Shape factor
(A) are implemented in a dark flight calculator to understand the influence of these parameters
on the impact points. For this, a set of input values for I', A of six faces, whole body (mean
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of six faces) and the values assumed in the literature were used to generate impact points for
respective cases. Based on the simulation, it was concluded that meteorite fall has unique im-
pact point for each face. Depending on the I" and A of each orientation, the impact points are
spread accordingly in the impact site. This further supports the notion that, in case of oriented
fall, aerodynamic forces significantly affect the impact points of the meteorite fall. A separa-
tion of 24 km was calculated within the impact points for a single body, when the orientation
of the meteorite is changed from face 1 to 6. Thus, the results from this simulation further
reinforces the significance of the aerodynamics in the meteorite dark flight and the estimation
of the strewn field.

In conclusion, based on this experimental study, it is clearly evident that aerodynamic forces
significantly influence the dark flight of the meteorite, consequently its impact points as seen
from the simulations. Particularly, in case of non-rotating oriented fall for an irregular shaped
meteorite, a range of aerodynamic coefficients exists for a single body, which needs to be
accounted during the dark flight simulations. In such a way, by accounting for all possible
ranges of I', A and including the lift and side forces in the meteorite dynamics can help one to
estimate different possible strewn fields and by mapping out the common intersecting areas,
thus indicating the impact sites with a higher probability.






Recommendations

The present study can be considered as a first step towards a niche in meteoritics that has not
been explored yet. Hence, this dimension of meteoritic aerodynamics has a potential to offer
lot of prospective research opportunities. Based on the current study and the conclusions, few
recommendations are made for the future work:

» Design studies can be conducted to construct vertical wind tunnel to simulate the free
fall studies. Existing wind tunnels can also be modified to adapt to these studies. Using
the vertical wind tunnel, untethered flights can be conducted with the meteorite models
to simulate free fall studies and better comprehension of natural meteorite dynamics.

* The current study assumed no fragmentation during the meteorite dark flight. Using the
vertical wind tunnel, the aspects of in-flight fragmentation, where the meteorite breaks
up in flight can also be studied to comprehend the fragmentation effects such as Collimi-
nation effect. This can be achieved by simulating the separation of fragments during the
experimental flight, when the model is placed is test section.

» The existing dark flight models can be modified such that it includes the variation of
aerodynamic forces such as lift and side forces with the flow Reynolds number. If the
size of the meteorite can be approximated from the fireball observation data, then a
rough Reynolds number of the flow over the meteorite can be estimated.

» With the advancement in the additive manufacturing techniques, different materials such
as metal can be used to 3D print the meteorite model that can be used to replicate the
true mass as well as inertia around the rotation axis of the model that can be used to
study of rotational dynamics.

» Estimation of center of pressure (COP) is a challenging task for an irregular object like
meteorite, which is a crucial aspect of the stability studies. Using the force balance,
the moments acting on the meteorite model can be measured. Using this data, the COP
can be experimentally measured. Nevertheless, the model should be large enough such
to measure the COP accurately. Also, using software such as ANSYS and COMSOL,
extensive simulations can be made to compute the accurate location of COP. Conse-
quently, the placement of shaft can be optimised, and the rotational dynamics of the
meteorite can be studied in detail.

* The irregular shape of the meteorites makes the interaction of boundary layer with the
air flow more complicated. Also, the surface roughness is another factor that influences
that influence the boundary layer interaction. Hence, further research can be made into
the boundary layer study using smoke visualization or PIV techniques.
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Chapter 5. Recommendations

» The study of meteorite aerodynamics in other flow regimes such as transonic to hyper-
sonic regimes can help to map the properties in a larger picture and can offer interesting
insights into the aerodynamics. In these flow regimes, in addition to the dynamics, the
boundary layer interaction with the flow also becomes more complicated.
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Conversion of STL file into SLDPRT
format

The high-quality surface data of the Broek in Waterland meteorite that was captured using
photogrammetry will be stored in an STL (STereoLithography) format. However, editing the
design of the model and analysis will be complex and sometimes not possible using SOLID-
WORKS. Hence, the format of the data file was converted into SLDPRT format, native file
format of SOLIDWORKS part file. With this, any design additions, such as threaded holes,
cylindrical cavities required for mounting the meteorite model in the wind tunnel test section
can be created. After this conversion, the 3D model can be edited just as a usual SOLID-
WORKS part file. The process of this conversion is presented below.

1. Run the 'SOLIDWORKS 2020 (Student Edition)’ application. Once opened, go to 'Options’
in the toolbar present at the top of the window. Then, click Add-ins present in the options to
check the add-ins that are present in the system as shown in Fig. A.1.

75 soupworks e view Toos A Y O - B - - @}H @ sensowoworssher A -/ @ @ - O x
{5} Options

Add-Ins...
Save/Restore Settings.

Button Size

i NERY

2
2S soLIDWORKS

2020

Launch the 2dd-in manager.

®

Figure A.1: STEP 1: Click Add-ins in the 'Options’ to check the existing Add-ins.

2. Once clicked, a window is prompted which shows the existing add-ins present in the system.
Select the ScanTo3D add-in as shown in Fig. A.2 and then click OK.
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Figure A.2: STEP 2: Select ScanTo3D in the add-ins window

3. Click Open option in the toolbar. Once the open window is prompted, go to the location
where the STL file is stored. Before selecting the file, change the file format in the bottom right
corner in the 'Open file’ window as shown in Fig. A.3. Change the file format to ScanTo3D
Mesh Files (*.3ds;*.obj;*.stl...).

SOLIDWORKS Files (*.sldprt; *.
SOLIDWORKS Analysis Libi

SOLIDWORKS SLDXM

3D Manufacturing Format (%3
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Add-lns (*.dll)

Adobe lllustrator Files (*.ai)
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VRML (*.wrl)

All Files (%)

) v

Figure A.3: STEP 3: Change the file format to ScanTo3D Mesh Files in the 'Open file’ window.

4. Then, select the required STL file and click Options in the 'Open file’ window. A 'System
Options’ window will be prompted as shown in Fig. A.4. Select the ‘Import as’ option to be
Solid Body. This option allows the SOLIDWORKS to read the mesh data of the STL file as a
complete body with faces. And then click OK and click Open.
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System Options - STL/VRML/3MF/QBJ/OFF/PLY/PLY2
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Figure A.4: STEP 4: Select 'Options’ in the 'Open file’ window before opening the required STL file, to import the

3D mesh data as a Solid Body.

5. The mesh data from the STL file will be imported into SOLIDWORKS, and this can take
some time depending upon the system processing power. Once the mesh is imported, it will
appear as shown in Fig. A.5 with a tree of various options on the upper left pane. The imported
mesh is displayed in the option pane as 'Mesh1’. Right click on Mesh1 and select the Mesh

Prep Wizard option.
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Figure A.5: STEP 5: View of the high-quality mesh imported into SOLIDWORKS as 'Mesh1’.
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6. Mesh Prep Wizard will be prompted in the upper left pane with the number of faces present
in the mesh. Click the Right arrow to proceed to next step. If any specific orientation it is not
required, then select the ’Automatic’ option. If needed, then click the Select references for
a specific orientation of the model. Select points manually to select the any two of the three
perpendicular axes. Then, proceed to the next step.
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Figure A.6: STEP 6: After launching Mesh Prep Wizard, select the 'Orientation Method’ based on the
requirement, The red dots present in the mesh, represents the manually selected points for Y and Z axes.

7. Proceed to the 'Simplification’ step where the mesh will be simplified based on the percent-
age of the Reduction amount. In the current case, the mesh was not simplified to preserve
the irregular surface data. Hence, the Reduction amount is fed as 0%. The simplification can
also be achieved by varying the 'Target mesh size’ of the simplified model. The 0% reduction
can be seen in Fig. A.7. Then, proceed to the next step.
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Figure A.7: STEP 7: Simplification of the mesh size based on feeding the required 'Reduction amount’ of the
surface quality.
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8. Similarly, the smoothness of the surface can also be varied globally and locally using the
slider bar as shown in Fig. A.8. In the current study, the highest quality of the smoothness
was chosen. And proceed to the next step to complete the mesh creation. Then, based on
the requirement, Automatic or Guided creation can be chosen. In the current study, the mesh
was created using Automatic creation.
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Figure A.8: STEP 8: Choose the quality of smoothness and then create the body using either automatic or
guided creation.

9. In the next step, the ’Surface Detail’ can be varied similar to previous step by using a
slider bar. After choosing the required Surface Detail, click on the Update Preview to see the
preview of mesh with the resultant surface errors as shown in Fig. A.9 and displayed on mesh
in Fig. A.10a. The surface errors can be rectified, if necessary, by clicking on each error. In the
current study, the mesh size is too large and relatively, the surface errors were not significant
enough to correct. Hence, the surface errors were not considered. Proceed to next step and
final number of faces present in the converted solid body will be displayed.
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Figure A.9: STEP 9: Choose the required 'Surface Detail’ to see the preview of the model with the resultant
surface errors.
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10. Finally, click the green tick option to finish the creation of solid model. The final solid model
will be similar to Fig. A.10b with the resultant faces. Now, this can be saved as a SLDPRT file
and can be worked as a usual SOLIDWORKS part file. The regmaglypts (surface indentations)
can be observed in the final sold body clearly, thus indicating the preservation of surface detail
quality.

(a) (b)

Figure A.10: 3D model of the Broek in Waterland meteorite.
(a) Preview of the surface details with the resultant surface errors. (b) Final solid model created from the
imported mesh data.

After necessary modifications were made on the solid body, the body then can be saved as
an STL file again for final 3D printing.
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