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. Cloud Dispersion Coeff. Variation, 100m

10, Local Overpressure | :;;5 |
. . ln(Pl)n (—Pngpoo) ‘ : . _
Motivation -4
* Meteors and asteroids entering ™} _sse === ]

Earthls atmosphere have N ' ' — Ene:i:Deposition(kT/km)
potential for catastrophic ground | lr."__-_—' L

damage §2of - —4// fter S a L ‘.
* Energy deposition, strewn field <«

[ d(Lp)Lp
=T

morphology highly correlatedto g

flow physics of fragmenting body | e
* Need accurate description of 34 P
separation aerodynamics for 2 1of R L
. 't =93.7 sec
adequate risk assessment e CW from top-right: Wheeler et al.,
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Left: Wheeler et al., 2017;

. E 0 right: Register et al., 2017,
I\/l O d e | | n E bottom: Register et al., 2020
dhﬂ A% ﬁ
h—g— 1 é Energy Deposition of Clouds & Fragments
* Energy deposition models: - ST CiEr T ey T
. . . n fragments debris cloud 43 -
* Liquid/pancake model, discrete 4o}
. E3s
fragment, hybrid Vi o
* Calibration from specific entry events ce® =& < R R
bR
* Aerodynamic models: o 7

* Analytical, semi-analytical, and database
 All specifically designed for sphere pairs

* Validity for scenarios with additional
bodies not guaranteed

* Necessary for ground footprint
prediction
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Sphere Pair Dynamics

* Four general behaviors for sphere pairs:

e Expulsion

* Also from lateral initially touching positions
* Entrainment

* Far wake flight

* OR transition into drafting
* Drafting

* Leads to collision for equal spheres

* Shock surfing

* Highly enhances separation velocity
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Model Problem

* Examine simplified multi-body problem with following constraints
1. All fragments are perfect spheres

Initially close-packed into surrounding sphere

Fragmentation is instantaneous

No dusty debris released at fragmentation

No strain energy released (i.e., bodies stationary w.r.t. each other)

No further fragmentation occurs before bodies are independent

Overall cluster is rotationally stationary

All dynamics occur under perfect-gas, hypersonic flow

Constant inflow conditions
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Parameters of Study

* Within scope of model problem, two
parameters dictate separation behavior of
fragmented cluster

1. Population (equal-sphere clusters)
* N varies between 2 and 115

2. Fragment-size distribution (unequal-
sphere clusters)

* Agglomeration selected according to power-
law distribution: p(r) =Ar % r ../l min = 4
* a values between 1 and 5 chosen, fixed N

* Defines plane of separation behaviors
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Strategy and Objectives

 Complementary approach with both experiments and simulations

* Experiments
* Free-flight tests in short-duration facility -> approximation of idealized release
 Random cluster arrangements
e Assessment of populous and unequal sphere clusters
* Focus on statistics of terminal trajectories for many configurations

* Simulations
 |dealized release of clustered bodies into freestream from well-defined initial positions

e Questions to address:
 What happens when a meteoroid breaks into more than two fragments?
* Are new physical mechanisms introduced?
e Can we develop statistical separation models of lateral fragment spread?
* Relaxing our constraints, how do dusty debris clouds behave in high-speed flows?
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Important Definitions e s [TEm

_ . Passey and 2 unequal 0.14-1.23
* Lateral separation velocity from system Melosh (1980) spheres
center-of-mass a critical quantity: Hills and Goda Debris cloud 1.8
(1993)
poo / e ——
D = — U, VI =V../v : V’ = V../0 Artemeva et 2 equal 0.31
’ V Psph r T/ S r T/ d al. (1996) hemicylinders
] ] ] Artemeva et 13 equal cubes 0.71
* Nondimensional time: al. (2001)
Laurence et al. 2 unequal 0.22-1.0
7, = Psph e ! =t/ (2012) spheres
Po U Park et al. 2 — 6 equal (0.032 N)O5
(2020) spheres
9
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Condition A Condition B
M 6.0 6.05
P, [Pa] 790 847
. E Too [K] 110 112
Experimental Facility o gl 00M5 00263
Uso [m/s] 1264 1275
UMD HyperTERP: shock tunnel with dried air/nitrogen T
m!
* Mach 6 contoured nozzle 1
* Fill conditions tailored for ~13 ms test duration & ||
& ||
* Two sets of freestream conditions utilized "0
* Pressure unsteadiness limited to 3.5% (1.5% run-to-run) f S
* Short pressure rise time o * e .
A B C pEY
o ] \lr X N Y L T\ Butler and
! ";:j i { [“ 4 — - a— = o ° Laurence, 2019
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Cluster Configurations

* |n total, 67 useful wind tunnel tests conducted
e Populations from successive increases of 90%, intermediate cases for completeness

N dsph d, Material Flow # Upstream # Downstream Camera
[mm] [mm] Config. Runs Runs Config.

4 5.0/6.35 11 /13.9 PTFE / Delrin A/B 0 43 C3/C1
8 5.0 /5.56 13 /15.2 PTFE / Delrin A S 2 C3/C2
11 4.76 13.6 PTFE B 0 2 C1

14 4.76 15:2 Delrin A 4 0 C2

15 540 15:3 PTFE A 0 4 C3

27 4.0 15:2 Delrin A 4 1 C2

36 3.18 13.9 Delrin B 0 1 C1

52 3.18 15.2 Delrin A 4 d C2

52 a=1 17.5 Delrin A 4 1 C2

52 a=2 144 Delrin A 4 1 C2

52 a=3 17.9 Delrin A 4 1 2

52 a=4 152 Delrin A 4 1 C2

5 0 E—1 13.6 Delrin A 4 1 C2

99 2.38 13.9 Delrin A 1 0 C2

115 2.38 13.9 Delrin A 4 1 C2 13
>115 ~0.020 13.9 Cornstarch Powder A . 8 C2
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Fluid-Structural Solver

« AMROC (Adaptive Mesh Refinement in Object-
Oriented C++):

* Solves Euler equations with explicit, FV approach

e MUSCL-Hancock with Minmod limiter and Van Leer
flux vector splitting

* Block-structured AMR on Cartesian mesh

* DYNA3D:

* Nonlinear FEA solver with wide range of available
material models (use elastic only)

* Robust contact detection algorithm

* Methodology validated w/ experiments,
verified w/ grid refinement

e 2-,4-, 13-, and 57-equal-sphere clusters
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Stable Sphere Pairs

* For certain alighment angles, quasi-stable arrangement with restorative
moment and effective lift

* Potential source of outlying fragments
e(r,(eortance unclear for nonspherical fragments

CFD/FEA
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0.8

Primary vs. Secondary Separation ™

* 8 equal spheres = distinct separation regimes 55 0.2
* Primary phase: Initial repulsion provides nearly linear velocity increase

* Secondary phase: Collisions help disrupt cluster ‘core’, increase lateral
range of fragments by 40%

» System center-of-mass shifted off-axis

 Separation process divided into two stages, must expand ground "
footprint for CoM deflection

* Importance of secondary interactions reduced with more bodies
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Primary Separation

* Driven by random shock impingement patterns
* Persists to high cluster populations

* Despite apparent randomness, lateral velocity
correlated to initial polar position
* Angular dependence shifts between 4 and 13
bodies
e Separation timescale diminishes with
population
* Decoupling radius approx. constant at 2r,

Til/V’l
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Secondary Separation

e Subcluster interactions for equal spheres
dominated by wake entrainment and collisions

* Helps disperse clustered core
of populous swarms

* Less prominent dynamically
for high N

* Center-of-mass offset velocity
diminishes as power law

* Induces normally distributed
velocity change
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Population—Velocity Correlation

* Compute final separation velocity for each — —
test :; — C(N — 2)a 7,”,N=2
* Fit power-law to separation velocity i B

e Force fit to pass through prescribed N=2 value
e Obtain index of 0.407, compare with 0.5 of

Park (2020) for 3,4,6-sphere tests 1 e
* Coefficient of 0.123 - 8=
* Lateral velocity for currently accepted o
models: 051 ¢
. Ni . -t o Equal-Sphere Clusters
Discrete fragments: 0.2 | PoserT s Ei (orem 0407
* Debris cloud: 1.8 0 ---- Park(2020) Correlation
* Diverges, not applicable to debris cloud U 20 100 150
N 20
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N =27, N =52,

Velocity Distributions | -

Preferred V;’ distribution?

Stack lateral velocities of all tests for 0

various populations (27, 52, 99, 115 sph) | =9, N =115,

o, = 0.812, T o, = 0.858,
68.9% Conf. 91.4% Conf.

Resembles Rayleigh distribution:
/
/. T —V.I?/(202
iV ) = —pe Vo0
CTT

 Fits all recovered data well

* No theoretical motivation for this description

of sphere separation, but useful for modeling — 7
: ) . . ‘ﬁf — CTT e
* For Rayleigh, mean V' scales linearly with o 2 )
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Unequal-Sphere Clusters

e Sample case: a =2
* High ejection velocities, but more entrained mass

e Stable drafting configuration?

23
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Unequal Cluster Velocities

» Compare mass-weighted collective o S
lateral velocity with 52 equal spheres 01

* Systematic reduction in separation rate R i e

e Effect of mass entrainment more &
significant than added expulsion of 0. :
smallest bodies 08! | .

0.9

U W N =
1

QoL

* For likely range of ot = 3 — 4, equivalent x5
to ~¥20% reduction in momentum shift - |
from principal axis

0 0.1 0.2 0.3 0.4 0.5

NERSIT M sub /mcl
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Highly Expelled Fragments

* What are the highest ejection speeds and mechanisms?
e Equal spheres: mixture of lifting pairs, shock surfing, and collisions
* Unequal spheres: all shock surfing, attain higher overall separation

2 i Pl /
Z
NG
~o 1o
B
Lt —— Lifting Pair ||
——Shock Surfing
Collision
0.5 : : : ‘ ) . "". J ! x
1 2 3 4 5 6 1 1.5 2 2.5 3
t #
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 Unequal-Sphere Experiments
— Rayleigh-Exponential Modeling
Unequal Cluster Velocities «=3
E 10°
* More important: where do spheres of a R
particular size end up? N7
* Statistical modeling process (for each a): ] VA R ?7{ S
 Assume each radius bin is fit by Rayleigh 0 0'05(m/mc)va0' .
* Assume Rayleigh parameter is fit by exponential 2 —
* Fit exponential to minimize difference between -~ Direct Exponential Fit
—— Rayleigh-Exponential Fit |

modeled and observed mass-weighted lateral vel. 15

* Some deviation in optimized exponential fit, . e
as lateral velocities not perfect Rayleigh dists. = N
* Means/deviations from model match ol \‘&\’\a\%\\\
experiments well o
* PDFs show some disagreement though 0 02 O'j/r 06 081
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General Lateral Velocity Prediction

Below-left: 40 equal

/ —brs spheres; below-right: 100

* Method for modeling velocity of T, = Q€ heres from o3
arbitrary cluster composition ! v . cpherestromoE
. . . ra— _ /2 /
(within problem constraints) p(VAIVE ) = 3 L_e~™Vr /e, )
. . ’ /
. Sopullsatlon and frakgment-5|ze _ Vi,
istribution are taken as , , VN = o T
independent: Ve =V v, Where T.N — C(N —2)% + VT,NZQ
1. Forgiven aand N, get random SLN=s2
realization of fragment sizes 3
2. For each size, determine mean H L . 2
velocity from exponential fits o5l 1
3. Gelnerat(? reaIizatilonshofIateraI ,‘ 5 B SR
velocity from Rayleig 2= 0 P L. E> 0 " I B
distribution . IS 4 g "
4. Scale lateral velocities by cluster 051 N .
population A . _ 2
5. Select velocity azimuth from . . 3|
uniform distribution ST R 5 ; ;
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Dusty Debris

 Lateral separation much less pronounced for debris cloud
* Extended wake without highly expelled particulate

e Continuous mass loss for much of flight

 Vastly different from pancake model —> implications for energy deposition
* Higher outboard stagnation pressure resists flattening?

t =2.13 ms

T

L]

.
LT .-.-'.-.- -

ngt
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Cloud Instabilities

* In some cases, find accelerated mass depletion
* Discrete mass-loss events

* Large particle ejected ahead of cloud generates
conical shock, outboard regions shed

* Likely due to inertia and low dynamic pressure within

yution

FRACTICON PER MICRON)
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Mass Loss / Energy Deposition

* Estimate mass depletion rate
e Cross-correlate and fit shock shape in images

* Assume exponential decay in mass history for
approx. constant cluster size and inflow

e Ratio of time constant to characteristic time

(C =4.43 here) gives coefficient in decay term:

_ 1
e —CTs(uooa Poo rc)m

* Result: impactor penetrates further into
atmosphere with less peaked deposition profile
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—15A
——15B

Hybrid Separation
* Most realistic treatment of meteor fragmentation is
0.6

* Fill out 15-sph cluster with powder (~1/3 of total e e s
mass)
* Lack of core on primary axis
* V,/ is ~1.70 above sphere-only clusters
: 0.4 ‘ , w
* Dust separates on shorter timescales as well 4 6 8 10 12

* Previous measurements underestimates compared to
case with dust released?

0.8+

t = 0.00 ms
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Conclusions

Hypersonic experimental platform enabling study of sphere cluster separation

Lifting configuration for sphere pairs

|dentification of distinct aerodynamic regimes governing fragment trajectories

Terminal lateral velocity statistics for range of cluster scenarios

Distribution fits describing both equal- and unequal-sphere cluster dispersion

Proposed empirical model for hypersonic debris dynamics

34
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Questions?
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