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Above Chelyabinsk, Russia: February 15, 2013, ~9:30am

... a 20m asteroid entered Earth’s atmosphere at around 19 km/s
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The Asteroid Threat Assessment Project (ATAP) was initiated to better
characterize the threat posed by Near-Earth Objects (NEQOs)
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NASA plans for doomsday scenario of
asteroid with 72 percent chance of

hitting Earthin14 years

By Isabel Keane
Published June 25, 2024, 1:50 p.m. ET

Don’t panic: Scientists are practicing for a
killer asteroid impact
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Compiled affected population probabilities Range of possible asteroid sizes

for Earth-impacting scenarios Most likely: 100-320 m

What if a never-before-seen asteroid barreling in our direction was likely to strike Earth?
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For the rest of the talk:

e [he classical approach to
modeling meteoroid entry

e Relevant phenomena

e NASA-led Advancements in...

» Aerothermodynamics

» Radiation

» Ablation

e Challenges and opportunities
ahead
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Surrounding free-stream

atmosphere above 60 km
~ 250 K & 20 Pa
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Strong shock-wave
~ 15000 K & 60000 Pa
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The intense heating from the shoc
layer Is transferred to the meteoroid ...
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...and eventually the space rock
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As the surface temperature iIncrease
the molten layer evaporates.
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1. Introduction

ABSTRACT

A high-fidelity approach for simulating the aerothermodynamic environments of meteor entries was de-
veloped, which allows the commonly assumed heat transfer coefficient of 0.1 to be assessed. This model
uses chemically reacting computational fluid dynamics (CFD), coupled with radiation transport and sur-
face ablation. Coupled radiation accounts for the impact of radiation on the flowfield energy equations,
while coupled ablation explicitly models the injection of ablation products within the flowfield and radi-
ation simulations. For a meteoroid with a velocity of 20 km/s, coupled radiation is shown to reduce the
stagnation point radiative heating by over 60%. The impact of coupled ablation (with coupled radiation)
is shown to provide at least a 70% reduction in the radiative heating relative to cases with only coupled
radiation. This large reduction is partially the result of the low ionization energies of meteoric ablation
products relative to air species. The low ionization energies of ablation products, such as Mg and Ca,
provide strong photoionization and atomic line absorption in regions of the spectrum that air species do
not. MgO and CaO are also shown to provide significant absorption. Turbulence is shown to impact the
distribution of ablation products through the shock-layer, which results in up to a 100% increase in the
radiative heating downstream of the stagnation point. To create a database of heat transfer coefficients,
the developed model was applied to a range of cases. This database considered velocities ranging from 14
to 20 km/s, altitudes ranging from 20 to 50 km, and nose radii ranging from 1 to 100 m. The heat transfer
coefficients from these simulations are below 0.045 for the range of cases, for both laminar and turbu-
lent, which is significantly lower than the canonical value of 0.1. When the new heat transfer model is
applied to a Tunguska-like 15 Mt entry, the effect of the new model is to lower the height of burst by up
to 2 km, depending on assumed entry angle. This, in turn, results in a significantly larger ground damage
footprint than when the canonical heating assumption is used.

Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons censes/by-nc-nd/4.0/)

velocity, and Q is the heat of ablation. A significant uncertainty in
applying this equation is Cy, which assuming a spherical geometry

A meteor’s mass loss rate is an important factor in determining
the potential ground damage threat for a given size, entry velocity,
entry angle, and composition (Aftosmis et al., 2016; Mathias et al,,
2017; Revelle, 2004a; Hills and Goda, 1993; Wheeler et al., 2017).
The mass loss rate is written as follows:

dM Sp. V3
2P (1)
dt 2Q

where M is the total mass of the meteoroid, Cy is the heat trans-
fer coefficient, S is the cross-sectional area, V., is the free-stream

* Corresponding author.
E-mail addresses: christopher ston@nasa.g (C.O. Johnston),
eric.c.stern@nasa.gov (E.C. Stern), lorien.wheeler@nasa.gov (LF. Wheeler).

https://doi ).1(

for the meteoroid, is written as Prabhu et al. (2016):
2 [T g0 SinOdO
3PV
where 6 is the angle from the stagnation point, q,, is the radiative
heating as a function of €, and p., is the free-stream density. This
equation assumes convective heating is negligible relative to radia-
tive heating, which is true for all cases considered in this work that
include coupled ablation. A common assumption in asteroid threat
assessment studies (Mathias et al., 2017; Wheeler et al., 2017) is to
set Cy to 0.1. This constant value is based on the nonablating, in-
viscid, stagnation-line analysis by Page et al. (1968), Baldwin and
Sheaffer (1971), which included coupled radiation (meaning the ra-
diative energy source terms are coupled to the flowfield energy

Cy (2)

0019-1035/de1ished y Elsevier Inc. This is an open access article under the CC BY-NC-ND license. (htt reativecommons.org/ s/by-nc-nd/4.0/)

2018



Toward a complete aerothermodynamic description of the meteor flowfield. . .

Computational Approach and
Heat Transfer

Contents lists available at ScienceDirect : ICARUS

Icarus

journal homepage: www.elsevier.com/locate/icarus

Radiative heating of large meteoroids during atmospheric entry

Christopher O. Johnston®* Eric C. Stern® Lorien F. Wheeler¢

2NASA Langley Research Center, Hampton, VA, 23681, United States
Y NASA Ames Research Center, Moffett Field, CA, 94035, United States
€CSRA, NASA Ames Research Center, Moffett Field, CA, 94035, United States

ARTICLE INFO ABSTRACT

Amf{e history: A high-fidelity approach for simulating the aerothermodynamic environments of meteor entries was de-
Received 29 August 2017 veloped, which allows the commonly assumed heat transfer coefficient of 0.1 to be assessed. This model
‘I:ewsetddl;;e}:br:ary 2210818 uses chemically reacting computational fluid dynamics (CFD), coupled with radiation transport and sur-
ceepte ceoruary face ablation. Coupled radiation accounts for the impact of radiation on the flowfield energy equations,
Available online 21 February 2018 . . . . S . r .
while coupled ablation explicitly models the injection of ablation products within the flowfield and radi-
Keywords: ation simulations. For a meteoroid with a velocity of 20 km/s, coupled radiation is shown to reduce the
Ablation stagnation point radiative heating by over 60%. The impact of coupled ablation (with coupled radiation)
Asteroids ) is shown to provide at least a 70% reduction in the radiative heating relative to cases with only coupled
Atmosphenc entry radiation. This large reduction is partially the result of the low ionization energies of meteoric ablation
Metroroids products relative to air species. The low ionization energies of ablation products, such as Mg and Ca,
Meteors . R [ . . . . .
. X provide strong photoionization and atomic line absorption in regions of the spectrum that air species do
Simulation . Lo R . .
not. MgO and CaO are also shown to provide significant absorption. Turbulence is shown to impact the
distribution of ablation products through the shock-layer, which results in up to a 100% increase in the
radiative heating downstream of the stagnation point. To create a database of heat transfer coefficients,
the developed model was applied to a range of cases. This database considered velocities ranging from 14
to 20 km/s, altitudes ranging from 20 to 50 km, and nose radii ranging from 1 to 100 m. The heat transfer
coefficients from these simulations are below 0.045 for the range of cases, for both laminar and turbu-
lent, which is significantly lower than the canonical value of 0.1. When the new heat transfer model is
applied to a Tunguska-like 15 Mt entry, the effect of the new model is to lower the height of burst by up
to 2 km, depending on assumed entry angle. This, in turn, results in a significantly larger ground damage
footprint than when the canonical heating assumption is used.

Ground Heating and View
Angle

Icarus 327 (2019) 48-59

Contents lists available at ScienceDirect

Icarus

journal homepage: www.elsevier.com/locate/icarus

A model for thermal radiation from the Tunguska airburst

Christopher O. Johnston®", Eric C. Stern”

2 NASA Langley Research Center, Hampton, VA 23681, United States of America
> NASA Ames Research Center, Moffett Field, CA 94035, United States of America

ARTICLE INFO ABSTRACT
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Shock-layer radiation developed model. This model applies recently developed computational fluid dynamic simulations, which in-

Meteor entry clude the impact of ablation and radiation on the shock-layer flowfield, and ray-tracing radiation transport with
atmospheric absorption. The impact of the meteor view angle is shown to significantly impact the radiative flux.
Looking at the meteor along the flight path (head-on) results in lower radiative heating because it reduces the
wake field of view, where the large radiating wake is shown to provide a significant contribution to the radiative
flux (when viewed from the side). The impact of ablation on the ground radiative flux is negligible because the
ablation products are limited to the optically-thick core of the wake. The resulting simulated radiative flux
values are correlated as a function of velocity, altitude, view angle, and meteoroid radius. This correlation is then
applied to potential Tunguska entry trajectories to provide a simulated ground heating footprint. Comparing this
simulated footprint with the measured radiant burn area provides a metric for assessing unknown Tunguska
entry parameters. Using this approach, the initial radius resulting in good agreement with the measured radiant
burn footprint was found for a range of maximum debris cloud radii, entry angles, and velocities. The resulting
optimal initial radii were between 30 and 45 m for the entire range of cases considered. This provides a valuable
constraint on initial radius for complementary Tunguska studies, such as blast-wave simulations that aim to
reproduce the tree-fall pattern.

1. Introduction figures at the origin of the coordinate axes). Although this could be the
result of the locations sampled by Zenkin and Ilyin (as cautioned by

1. Introduction

A meteor’s mass loss rate is an important factor in determining
the potential ground damage threat for a given size, entry velocity,
entry angle, and composition (Aftosmis et al., 2016; Mathias et al,,
2017; Revelle, 2004a; Hills and Goda, 1993; Wheeler et al., 2017).
The mass loss rate is written as follows:

dM Sp. V3
2P (1)
dt 2Q

where M is the total mass of the meteoroid, Cy is the heat trans-
fer coefficient, S is the cross-sectional area, V., is the free-stream

* Corresponding author.
E-mail addresses: christopher ston@nasa.g (C.O. Johnston),
eric.c.stern@nasa.gov (E.C. Stern), lorien.wheeler@nasa.gov (LF. Wheeler).
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velocity, and Q is the heat of ablation. A significant uncertainty in
applying this equation is Cy, which assuming a spherical geometry
for the meteoroid, is written as Prabhu et al. (2016):
2 [T g0 SinOdO
3PV
where 6 is the angle from the stagnation point, q,, is the radiative
heating as a function of €, and p., is the free-stream density. This
equation assumes convective heating is negligible relative to radia-
tive heating, which is true for all cases considered in this work that
include coupled ablation. A common assumption in asteroid threat
assessment studies (Mathias et al., 2017; Wheeler et al., 2017) is to
set Cy to 0.1. This constant value is based on the nonablating, in-
viscid, stagnation-line analysis by Page et al. (1968), Baldwin and
Sheaffer (1971), which included coupled radiation (meaning the ra-
diative energy source terms are coupled to the flowfield energy

Cy (2)

0019-1035/de1ished y Elsevier Inc. This is an open access article under the CC BY-NC-ND license. (htt reativecommons.org/ s/by-nc-nd/4.0/)
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In addition to flattening trees over an area of more than 2000 km?,
the 1908 Tunguska event resulted in roughly 200km? of radiatively
burnt trees and soil (Svetsov, 2008). Most researchers assume that this
radiant burn was the result of shock-layer radiative heating (Svetsov
and Shuvalov, 2018; Vasilyev, 1998) emitted from the high tempera-
ture and pressure gas surrounding the object during its entry and
breakup (Bronshten, 2000; Chyba et al., 1993; Zahnle, 1996). This ra-
diative heating ignited a forest fire, which apparently spread from the
initial area of radiative heating. Fig. 1 compares the areas of radiant
burn (Zenkin and Ilyin, 1964) and forest fire to the area of flattened
trees (Vasilyev, 1998). The area of radiant burn outlined in this figure is
based on data reported by Zenkin and Ilyin (1964), which is shown in
more detail in Fig. 2. The dashed line shown in both figures was chosen
to bound the individual data points presented by Zenkin and Ilyin. Note
that Zenkin and Ilyin used the directional nature of the burn on each
tree to determine that the center of the radiant burn area was located
roughly 2 km uprange of the epicenter (the epicenter is located in these

* Corresponding author.

Svetsov and Shuvalov (2008)), it is notable because Florenskiy (1963)
reported that the location of the strongest radiant burn was observed
also at roughly 2 km in front of the epicenter. A similar observation was
made by Rubtsov (2012).

The data in these figures provide valuable information for evalu-
ating proposed Tunguska simulations or entry parameters. While the
tree-fall pattern in Fig. 1 has been the subject of numerous fluid dy-
namic simulations (Boslough and Crawford, 1997a,b; Korobeinikov
et al, 1998; Nemec and abd G. Anderson, 2018; Shuvalov and
Artemieva, 2002; Svetsov, 1998), the radiant burn data in Fig. 2 have
been considered less frequently. Putyatin (1980) considered a line
source of specified-strength emission directed along the entry path,
which was able to reproduce the “egg-like” shape of the radiant burn
area. Similar studies by Korobeinikov et al. (1998) and Svetsov (1996)
assumed equilibrium radiation behind a cylindrical shock directed
along the entry path. All these past studies applied a “10-group model”
for the radiative spectrum to reduce computational time. This

E-mail addresses: christopher.o.johnston@nasa.gov (C.O. Johnston), eric.c.stern@nasa.gov (E.C. Stern).
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ABSTRACT

A high-fidelity approach for simulating the aerothermodynamic environments of meteor entries was de-
veloped, which allows the commonly assumed heat transfer coefficient of 0.1 to be assessed. This model
uses chemically reacting computational fluid dynamics (CFD), coupled with radiation transport and sur-
face ablation. Coupled radiation accounts for the impact of radiation on the flowfield energy equations,
while coupled ablation explicitly models the injection of ablation products within the flowfield and radi-
ation simulations. For a meteoroid with a velocity of 20 km/s, coupled radiation is shown to reduce the
stagnation point radiative heating by over 60%. The impact of coupled ablation (with coupled radiation)
is shown to provide at least a 70% reduction in the radiative heating relative to cases with only coupled
radiation. This large reduction is partially the result of the low ionization energies of meteoric ablation
products relative to air species. The low ionization energies of ablation products, such as Mg and Ca,
provide strong photoionization and atomic line absorption in regions of the spectrum that air species do
not. MgO and CaO are also shown to provide significant absorption. Turbulence is shown to impact the
distribution of ablation products through the shock-layer, which results in up to a 100% increase in the
radiative heating downstream of the stagnation point. To create a database of heat transfer coefficients,
the developed model was applied to a range of cases. This database considered velocities ranging from 14
to 20 km/s, altitudes ranging from 20 to 50 km, and nose radii ranging from 1 to 100 m. The heat transfer
coefficients from these simulations are below 0.045 for the range of cases, for both laminar and turbu-
lent, which is significantly lower than the canonical value of 0.1. When the new heat transfer model is
applied to a Tunguska-like 15 Mt entry, the effect of the new model is to lower the height of burst by up
to 2 km, depending on assumed entry angle. This, in turn, results in a significantly larger ground damage
footprint than when the canonical heating assumption is used.
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1. Introduction

ABSTRACT

This paper develops a model for simulating the radiative flux reaching the ground originating from a meteor
shock-layer and wake. The area of radiant burn measured for the Tunguska event provides a test case for the
developed model. This model applies recently developed computational fluid dynamic simulations, which in-
clude the impact of ablation and radiation on the shock-layer flowfield, and ray-tracing radiation transport with
atmospheric absorption. The impact of the meteor view angle is shown to significantly impact the radiative flux.
Looking at the meteor along the flight path (head-on) results in lower radiative heating because it reduces the
wake field of view, where the large radiating wake is shown to provide a significant contribution to the radiative
flux (when viewed from the side). The impact of ablation on the ground radiative flux is negligible because the
ablation products are limited to the optically-thick core of the wake. The resulting simulated radiative flux
values are correlated as a function of velocity, altitude, view angle, and meteoroid radius. This correlation is then
applied to potential Tunguska entry trajectories to provide a simulated ground heating footprint. Comparing this
simulated footprint with the measured radiant burn area provides a metric for assessing unknown Tunguska
entry parameters. Using this approach, the initial radius resulting in good agreement with the measured radiant
burn footprint was found for a range of maximum debris cloud radii, entry angles, and velocities. The resulting
optimal initial radii were between 30 and 45 m for the entire range of cases considered. This provides a valuable
constraint on initial radius for complementary Tunguska studies, such as blast-wave simulations that aim to
reproduce the tree-fall pattern.

figures at the origin of the coordinate axes). Although this could be the
result of the locations sampled by Zenkin and Ilyin (as cautioned by

1. Introduction

A meteor’s mass loss rate is an important factor in determining
the potential ground damage threat for a given size, entry velocity,
entry angle, and composition (Aftosmis et al., 2016; Mathias et al,,
2017; Revelle, 2004a; Hills and Goda, 1993; Wheeler et al., 2017).
The mass loss rate is written as follows:

dM Sp. V3
=gl (1)
dt 2Q

where M is the total mass of the meteoroid, Cy is the heat trans-
fer coefficient, S is the cross-sectional area, V., is the free-stream
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velocity, and Q is the heat of ablation. A significant uncertainty in
applying this equation is Cy, which assuming a spherical geometry
for the meteoroid, is written as Prabhu et al. (2016):
2 [T g0 SinOdO
3PV
where 6 is the angle from the stagnation point, q,, is the radiative
heating as a function of €, and p., is the free-stream density. This
equation assumes convective heating is negligible relative to radia-
tive heating, which is true for all cases considered in this work that
include coupled ablation. A common assumption in asteroid threat
assessment studies (Mathias et al., 2017; Wheeler et al., 2017) is to
set Cy to 0.1. This constant value is based on the nonablating, in-
viscid, stagnation-line analysis by Page et al. (1968), Baldwin and
Sheaffer (1971), which included coupled radiation (meaning the ra-
diative energy source terms are coupled to the flowfield energy

Cy (2)
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In addition to flattening trees over an area of more than 2000 km?,
the 1908 Tunguska event resulted in roughly 200km? of radiatively
burnt trees and soil (Svetsov, 2008). Most researchers assume that this
radiant burn was the result of shock-layer radiative heating (Svetsov
and Shuvalov, 2018; Vasilyev, 1998) emitted from the high tempera-
ture and pressure gas surrounding the object during its entry and
breakup (Bronshten, 2000; Chyba et al., 1993; Zahnle, 1996). This ra-
diative heating ignited a forest fire, which apparently spread from the
initial area of radiative heating. Fig. 1 compares the areas of radiant
burn (Zenkin and Ilyin, 1964) and forest fire to the area of flattened
trees (Vasilyev, 1998). The area of radiant burn outlined in this figure is
based on data reported by Zenkin and Ilyin (1964), which is shown in
more detail in Fig. 2. The dashed line shown in both figures was chosen
to bound the individual data points presented by Zenkin and Ilyin. Note
that Zenkin and Ilyin used the directional nature of the burn on each
tree to determine that the center of the radiant burn area was located
roughly 2 km uprange of the epicenter (the epicenter is located in these

* Corresponding author.

Svetsov and Shuvalov (2008)), it is notable because Florenskiy (1963)
reported that the location of the strongest radiant burn was observed
also at roughly 2 km in front of the epicenter. A similar observation was
made by Rubtsov (2012).

The data in these figures provide valuable information for evalu-
ating proposed Tunguska simulations or entry parameters. While the
tree-fall pattern in Fig. 1 has been the subject of numerous fluid dy-
namic simulations (Boslough and Crawford, 1997a,b; Korobeinikov
et al, 1998; Nemec and abd G. Anderson, 2018; Shuvalov and
Artemieva, 2002; Svetsov, 1998), the radiant burn data in Fig. 2 have
been considered less frequently. Putyatin (1980) considered a line
source of specified-strength emission directed along the entry path,
which was able to reproduce the “egg-like” shape of the radiant burn
area. Similar studies by Korobeinikov et al. (1998) and Svetsov (1996)
assumed equilibrium radiation behind a cylindrical shock directed
along the entry path. All these past studies applied a “10-group model”
for the radiative spectrum to reduce computational time. This
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ABSTRACT

This paper develops a computational fluid dynamics capability for simulating the radiative emission from
a meteor shock-layer and wake to an external observer. The developed capability includes the impact of
radiation and ablation on the meteor flowfield, where coupled radiation accounts for the impact of radiation
on the flowfield energy equations and coupled ablation accounts for the injection of ablation species from
the meteoroid surface into the flow. This capability includes updated flowfield chemistry and nonequilibrium
radiation models, which are compiled from the literature. To provide a level of validation for this capability,
the BeneSov spectral measurements are considered. Although the meteoroid was likely fragmented at the 47
and 57 km altitudes considered, and the measurement uncertainty is roughly +50%, these measurements
represent the best available spectral measurements for a relatively large (meter-class) bolide. To determine
the equivalent meteoroid diameter for the BeneSov simulations, the continuum component of the spectrum in
the 570 to 610 nm range is considered. This wavelength range is dominated by air emission from the high
pressure and temperature shock-layer in front of the meteoroid, which is simulated with a relatively small
uncertainty (compared to the wake emission) and is sensitive to the equivalent meteoroid diameter. Because
of these characteristics, the simulated meteoroid diameter is adjusted until the continuum component in this
wavelength range matches the measurements. This results in equivalent diameters ranging from 0.62 to 0.9 m.
The range of equivalent diameters is due to the various meteoroid geometries considered, where increasing the
bluntness decreases the required diameter. Applying these diameters to simulations at 47 and 57 km results
in simulated spectra that compare within 30% of the measured values, considering the wavelength integrated
values between 400 and 650 nm. This agreement is well within the estimated measurement uncertainty of
+50%. All major spectral features are captured by the simulations. A comparison with the measured wake-
only spectrum suggests that emission from wake locations over 150 m from the meteoroid are the primary
source of the small disagreement seen between the measurements and simulations. Overall, the relatively good
agreement between the simulations and measurements provides a level of validation for the developed model

that has not been previously available.

1. Introduction

The 1991 BeneSov bolide represents a notable meteor event because
it was both bright (-19.5 mag) and its radiative spectrum was mea-
sured throughout a significant fraction of the trajectory by Borovicka
and Spurny (1996). Furthermore, the meteor was observed by three all-
sky cameras, which allowed its entry trajectory and radiated energy to
be accurately determined. Using this information, studies by Borovicka
et al. (1998a), Ceplecha and Revelle (2005), Wheeler et al. (2018),
and Térano et al. (2019) determined initial entry masses for this event
ranging from 2000-4100 kg, which implies a diameter ranging from

* Corresponding author.

1.0-1.4 m assuming a meteoroid density ranging from 3.2 to 3.4 g/cm>.
Subsequent refinements of the reconstructed trajectory by Spurny et al.
(2014) allowed for better estimation of the strewn field such that the
first BeneSov meteorites were found 20 years after the event. The me-
teorites recovered by Spurny et al. were of various mineralogical types,
which suggests that the meteoroid was a rubble pile that fragmented at
relatively high altitude (Borovicka, 2015).

With the entry trajectory known, the recently re-calibrated spec-
tra by Borovicka and Berezhnoy (2016) provide a benchmark case
for potential meteor radiation and luminous efficiency models. This

E-mail addresses: christopher.o.johnston@nasa.gov (C.O. Johnston), eric.c.stern@nasa.gov (E.C. Stern), borovic@asu.cas.cz (J. Borovicka).

https://doi.org/10.1016/;

Received 10 March 2020; Received in revised form 31 July 2020; Accepted 3 August 2020

Available online 10 August 2020
0019-1035/© 2021 Published by Elsevier Inc.







Toward a complete aerothermodynamic description of the meteor tflowtield. ..



Toward a complete aerothermodynamic description of the meteor flowfield. . .

Computational Approach and

Heat Transfer

Contents lists available at ScienceDirect : ICARUS

Icarus

journal homepage: www.elsevier.com/locate/icarus

Radiative heating of large meteoroids during atmospheric entry

Christopher O. Johnston®* Eric C. Stern® Lorien F. Wheeler¢

2NASA Langley Research Center, Hampton, VA, 23681, United States
Y NASA Ames Research Center, Moffett Field, CA, 94035, United States
€CSRA, NASA Ames Research Center, Moffett Field, CA, 94035, United States

ARTICLE INFO

Article history:

Received 29 August 2017

Revised 14 February 2018
Accepted 20 February 2018
Available online 21 February 2018

Keywords:
Ablation

Asteroids
Atmospheric entry
Meteoroids
Meteors
Simulation

1. Introduction

ABSTRACT

A high-fidelity approach for simulating the aerothermodynamic environments of meteor entries was de-
veloped, which allows the commonly assumed heat transfer coefficient of 0.1 to be assessed. This model
uses chemically reacting computational fluid dynamics (CFD), coupled with radiation transport and sur-
face ablation. Coupled radiation accounts for the impact of radiation on the flowfield energy equations,
while coupled ablation explicitly models the injection of ablation products within the flowfield and radi-
ation simulations. For a meteoroid with a velocity of 20 km/s, coupled radiation is shown to reduce the
stagnation point radiative heating by over 60%. The impact of coupled ablation (with coupled radiation)
is shown to provide at least a 70% reduction in the radiative heating relative to cases with only coupled
radiation. This large reduction is partially the result of the low ionization energies of meteoric ablation
products relative to air species. The low ionization energies of ablation products, such as Mg and Ca,
provide strong photoionization and atomic line absorption in regions of the spectrum that air species do
not. MgO and CaO are also shown to provide significant absorption. Turbulence is shown to impact the
distribution of ablation products through the shock-layer, which results in up to a 100% increase in the
radiative heating downstream of the stagnation point. To create a database of heat transfer coefficients,
the developed model was applied to a range of cases. This database considered velocities ranging from 14
to 20 km/s, altitudes ranging from 20 to 50 km, and nose radii ranging from 1 to 100 m. The heat transfer
coefficients from these simulations are below 0.045 for the range of cases, for both laminar and turbu-
lent, which is significantly lower than the canonical value of 0.1. When the new heat transfer model is
applied to a Tunguska-like 15 Mt entry, the effect of the new model is to lower the height of burst by up
to 2 km, depending on assumed entry angle. This, in turn, results in a significantly larger ground damage
footprint than when the canonical heating assumption is used.
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velocity, and Q is the heat of ablation. A significant uncertainty in
applying this equation is Cy, which assuming a spherical geometry

A meteor’s mass loss rate is an important factor in determining
the potential ground damage threat for a given size, entry velocity,
entry angle, and composition (Aftosmis et al., 2016; Mathias et al,,
2017; Revelle, 2004a; Hills and Goda, 1993; Wheeler et al., 2017).
The mass loss rate is written as follows:

dM Sp. V3
2P (1)
dt 2Q

where M is the total mass of the meteoroid, Cy is the heat trans-
fer coefficient, S is the cross-sectional area, V., is the free-stream
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3PV
where 6 is the angle from the stagnation point, q,, is the radiative
heating as a function of €, and p., is the free-stream density. This
equation assumes convective heating is negligible relative to radia-
tive heating, which is true for all cases considered in this work that
include coupled ablation. A common assumption in asteroid threat
assessment studies (Mathias et al., 2017; Wheeler et al., 2017) is to
set Cy to 0.1. This constant value is based on the nonablating, in-
viscid, stagnation-line analysis by Page et al. (1968), Baldwin and
Sheaffer (1971), which included coupled radiation (meaning the ra-
diative energy source terms are coupled to the flowfield energy
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1. Introduction

ABSTRACT

A high-fidelity approach for simulating the aerothermodynamic environments of meteor entries was de-
veloped, which allows the commonly assumed heat transfer coefficient of 0.1 to be assessed. This model
uses chemically reacting computational fluid dynamics (CFD), coupled with radiation transport and sur-
face ablation. Coupled radiation accounts for the impact of radiation on the flowfield energy equations,
while coupled ablation explicitly models the injection of ablation products within the flowfield and radi-
ation simulations. For a meteoroid with a velocity of 20 km/s, coupled radiation is shown to reduce the
stagnation point radiative heating by over 60%. The impact of coupled ablation (with coupled radiation)
is shown to provide at least a 70% reduction in the radiative heating relative to cases with only coupled
radiation. This large reduction is partially the result of the low ionization energies of meteoric ablation
products relative to air species. The low ionization energies of ablation products, such as Mg and Ca,
provide strong photoionization and atomic line absorption in regions of the spectrum that air species do
not. MgO and CaO are also shown to provide significant absorption. Turbulence is shown to impact the
distribution of ablation products through the shock-layer, which results in up to a 100% increase in the
radiative heating downstream of the stagnation point. To create a database of heat transfer coefficients,
the developed model was applied to a range of cases. This database considered velocities ranging from 14
to 20 km/s, altitudes ranging from 20 to 50 km, and nose radii ranging from 1 to 100 m. The heat transfer
coefficients from these simulations are below 0.045 for the range of cases, for both laminar and turbu-
lent, which is significantly lower than the canonical value of 0.1. When the new heat transfer model is
applied to a Tunguska-like 15 Mt entry, the effect of the new model is to lower the height of burst by up
to 2 km, depending on assumed entry angle. This, in turn, results in a significantly larger ground damage
footprint than when the canonical heating assumption is used.
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velocity, and Q is the heat of ablation. A significant uncertainty in
applying this equation is Cy, which assuming a spherical geometry

A meteor’s mass loss rate is an important factor in determining
the potential ground damage threat for a given size, entry velocity,
entry angle, and composition (Aftosmis et al., 2016; Mathias et al,,
2017; Revelle, 2004a; Hills and Goda, 1993; Wheeler et al., 2017).
The mass loss rate is written as follows:

dM Sp. V3
2P (1)
dt 2Q

where M is the total mass of the meteoroid, Cy is the heat trans-
fer coefficient, S is the cross-sectional area, V., is the free-stream
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equation assumes convective heating is negligible relative to radia-
tive heating, which is true for all cases considered in this work that
include coupled ablation. A common assumption in asteroid threat
assessment studies (Mathias et al., 2017; Wheeler et al., 2017) is to
set Cy to 0.1. This constant value is based on the nonablating, in-
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1. Introduction

ABSTRACT

A high-fidelity approach for simulating the aerothermodynamic environments of meteor entries was de-
veloped, which allows the commonly assumed heat transfer coefficient of 0.1 to be assessed. This model
uses chemically reacting computational fluid dynamics (CFD), coupled with radiation transport and sur-
face ablation. Coupled radiation accounts for the impact of radiation on the flowfield energy equations,
while coupled ablation explicitly models the injection of ablation products within the flowfield and radi-
ation simulations. For a meteoroid with a velocity of 20 km/s, coupled radiation is shown to reduce the
stagnation point radiative heating by over 60%. The impact of coupled ablation (with coupled radiation)
is shown to provide at least a 70% reduction in the radiative heating relative to cases with only coupled
radiation. This large reduction is partially the result of the low ionization energies of meteoric ablation
products relative to air species. The low ionization energies of ablation products, such as Mg and Ca,
provide strong photoionization and atomic line absorption in regions of the spectrum that air species do
not. MgO and CaO are also shown to provide significant absorption. Turbulence is shown to impact the
distribution of ablation products through the shock-layer, which results in up to a 100% increase in the
radiative heating downstream of the stagnation point. To create a database of heat transfer coefficients,
the developed model was applied to a range of cases. This database considered velocities ranging from 14
to 20 km/s, altitudes ranging from 20 to 50 km, and nose radii ranging from 1 to 100 m. The heat transfer
coefficients from these simulations are below 0.045 for the range of cases, for both laminar and turbu-
lent, which is significantly lower than the canonical value of 0.1. When the new heat transfer model is
applied to a Tunguska-like 15 Mt entry, the effect of the new model is to lower the height of burst by up
to 2 km, depending on assumed entry angle. This, in turn, results in a significantly larger ground damage
footprint than when the canonical heating assumption is used.
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velocity, and Q is the heat of ablation. A significant uncertainty in
applying this equation is Cy, which assuming a spherical geometry

A meteor’s mass loss rate is an important factor in determining
the potential ground damage threat for a given size, entry velocity,
entry angle, and composition (Aftosmis et al., 2016; Mathias et al,,
2017; Revelle, 2004a; Hills and Goda, 1993; Wheeler et al., 2017).
The mass loss rate is written as follows:

dM Sp. V3
2P (1)
dt 2Q

where M is the total mass of the meteoroid, Cy is the heat trans-
fer coefficient, S is the cross-sectional area, V., is the free-stream
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1. Introduction

ABSTRACT

A high-fidelity approach for simulating the aerothermodynamic environments of meteor entries was de-
veloped, which allows the commonly assumed heat transfer coefficient of 0.1 to be assessed. This model
uses chemically reacting computational fluid dynamics (CFD), coupled with radiation transport and sur-
face ablation. Coupled radiation accounts for the impact of radiation on the flowfield energy equations,
while coupled ablation explicitly models the injection of ablation products within the flowfield and radi-
ation simulations. For a meteoroid with a velocity of 20 km/s, coupled radiation is shown to reduce the
stagnation point radiative heating by over 60%. The impact of coupled ablation (with coupled radiation)
is shown to provide at least a 70% reduction in the radiative heating relative to cases with only coupled
radiation. This large reduction is partially the result of the low ionization energies of meteoric ablation
products relative to air species. The low ionization energies of ablation products, such as Mg and Ca,
provide strong photoionization and atomic line absorption in regions of the spectrum that air species do
not. MgO and CaO are also shown to provide significant absorption. Turbulence is shown to impact the
distribution of ablation products through the shock-layer, which results in up to a 100% increase in the
radiative heating downstream of the stagnation point. To create a database of heat transfer coefficients,
the developed model was applied to a range of cases. This database considered velocities ranging from 14
to 20 km/s, altitudes ranging from 20 to 50 km, and nose radii ranging from 1 to 100 m. The heat transfer
coefficients from these simulations are below 0.045 for the range of cases, for both laminar and turbu-
lent, which is significantly lower than the canonical value of 0.1. When the new heat transfer model is
applied to a Tunguska-like 15 Mt entry, the effect of the new model is to lower the height of burst by up
to 2 km, depending on assumed entry angle. This, in turn, results in a significantly larger ground damage
footprint than when the canonical heating assumption is used.

Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-n /

velocity, and Q is the heat of ablation. A significant uncertainty in
applying this equation is Cy, which assuming a spherical geometry

A meteor’s mass loss rate is an important factor in determining
the potential ground damage threat for a given size, entry velocity,
entry angle, and composition (Aftosmis et al., 2016; Mathias et al,,
2017; Revelle, 2004a; Hills and Goda, 1993; Wheeler et al., 2017).
The mass loss rate is written as follows:

dM Sp. V3
2P (1)
dt 2Q

where M is the total mass of the meteoroid, Cy is the heat trans-
fer coefficient, S is the cross-sectional area, V., is the free-stream

* Corresponding author.
E-mail addresses: chris .0 DNasa.gov (C.O. Johnston),
v (L.F. Wheeler).

.11016/j.icarus.2018

for the meteoroid, is written as Prabhu et al. (2016):

2 [T g0 SinOdO
Ch=—" 7

prvi

where 6 is the angle from the stagnation point, q,, is the radiative
heating as a function of €, and p., is the free-stream density. This
equation assumes convective heating is negligible relative to radia-
tive heating, which is true for all cases considered in this work that
include coupled ablation. A common assumption in asteroid threat
assessment studies (Mathias et al., 2017; Wheeler et al., 2017) is to
set Cy to 0.1. This constant value is based on the nonablating, in-
viscid, stagnation-line analysis by Page et al. (1968), Baldwin and
Sheaffer (1971), which included coupled radiation (meaning the ra-
diative energy source terms are coupled to the flowfield energy

(2)

lished b&/ Elsevier Inc. This is an open access article under the CC BY-NC-ND license. (http: ativecommons.o censes/by-nc-nd/4.0/)
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Fused Silica
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Fused Silica
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Basalt




Basalt




B. Bessire et al., Simulating Ordinary Chondrite Ablation at the Hypersonic Materials Environmental
Test System (HYMETS), Asteroids, Comets, and Meteors Conference, 2023.
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B. Bessire et al., Simulating Ordinary Chondrite Ablation at the Hypersonic Materials Environmental
Test System (HYMETS), Asteroids, Comets, and Meteors Conference, 2023.
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B. Bessire et al., Simulating Ordinary Chondrite Ablation at the Hypersonic Materials Environmental
Test System (HYMETS), Asteroids, Comets, and Meteors Conference, 2023.

. -
-
-y
-

.

Basalt UV Emission

OH Emission

=
©
—
>,
h—
»
-
D
e
L

300 325
Wavelength / nm

Terfestrial Basalt



B. Bessire et al., Simulating Ordinary Chondrite Ablation at the Hypersonic Materials Environmental
Test System (HYMETS), Asteroids, Comets, and Meteors Conference, 2023.
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Outlook...

Synthesizing insights from
ablation experiments with the
theoretical modeling to derive
new ROM for effective heat of
ablation (Q%)

Broadband luminous efficiency
model based on detailed
simulations

L everaging space-based
observations of bolides
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Bolide Detections from Geostationary Lightning Mapper

The Geostationary Lightning Mapper (GLM) aboard the GOES East and GOES West satellites, is designhed to capture natural lightning activity, but it is also capable of detecting bright meteors, called bolides. GLM's large coverage area allows it to capture unprecedented
numbers of meteors and its data is publicly accessible. More background about this data, hints on how to use this website, and the latest news and updates can all be found here.
o [

gShow Legend
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