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Foreword 

The DebriSat experiment was a unique opportunity for several segments of the Space Debris 
community to participate jointly in an effort designed to answer fundamental questions about the 
assumptions contained in current-generation orbital-impact breakup models, questions which 
have emerged in the last several years and are of importance to the future of space science.  All 
work proceeded by the joint effort of all participants toward the common goal of observing and 
interpreting new, relevant phenomena in each participants’ field of expertise.  The observed 
phenomena will enhance both understanding and accuracy of future hypervelocity impact 
breakup models. 
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Abstract 

The DebrisLV (“Launch Vehicle”) target was a value-added, companion target to the full-scale 
satellite target (i.e., DebriSat) in the joint NASA/SMC-funded DebriSat Hypervelocity Impact 
Experiment.  DebrisLV was conceived and built at The Aerospace Corporation in the Remote 
Sensing Department of the Space Sciences Applications Laboratory, Laboratory Operations, 
Engineering and Technology Group.  DebrisLV was designed to yield new information on the 
physics and mechanics of hypervelocity breakup.  DebrisLV was designed in close collaboration 
with NASA and the Hypervelocity Impact expert-experimentalists at the Arnold Engineering 
Development Complex (AEDC) at Arnold AFB in order to represent the full-scale hypervelocity 
impact behavior of the current population of derelict launch vehicle upper stages in orbit.  
Although substantial forensic analysis remains to be done, the DebrisLV test has been 
extraordinarily fruitful in yielding new understanding of hypervelocity impacts.   
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1.  Full-‐scale	  hypervelocity	  test	  tests,	  such	  as	  DebriSat	  and	  DebrisLV,	  are	  required	  in	  order	  to	  avoid	  data-‐
arFfacts	  caused	  by	  the	  intrinsic	  nonlinear	  size-‐scaling	  of	  some	  materials	  properFes	  (e.g.,	  fracture	  
toughness)	  and	  impact	  physics	  (e.g.,	  energy	  transfer).	  	  DebrisLV	  used	  full-‐thickness	  materials,	  standard	  
rivets,	  and	  a	  flight-‐qualified	  PAM-‐D	  upper	  stage	  NutaFon	  Control	  Thruster	  (NCT)	  assembly.	  	  A	  low-‐density,	  
heavy-‐walled	  projecFle	  realisFcally	  simulated	  a	  large	  fragment	  or	  miniature	  vehicle	  to	  obtain	  realisFc	  
energy	  transfer	  into	  the	  DebrisLV	  target.	  

2.  The	  impact	  energy/mass	  raFo	  was	  >800	  J/g,	  22x	  the	  standard	  criterion	  for	  “catastrophic	  collision”	  as	  
defined	  by	  six	  baseline	  IADC	  members	  [1].	  	  We	  seek	  to	  understand	  the	  physics	  of	  impacts	  in	  this	  energy	  
range	  and	  how	  it	  gives	  rise	  to	  various	  fragment	  size	  distribuFons.	  	  (Another	  recent	  experiment	  which	  is	  not	  
discussed	  herein	  has	  probed	  the	  250	  J/g	  energy	  range.)	  

3.  Despite	  very	  high	  energies,	  no	  unusual	  metal	  mechanical-‐fragmenta3on	  mechanisms	  were	  observed	  in	  
DebrisLV;	  ducFle	  failure	  was	  the	  dominant	  mechanism	  for	  this	  exclusively	  metallic	  structure.	  	  No	  
mechanism	  for	  producing	  small	  parFcles	  by	  direct	  mechanical	  fragmentaFon	  is	  observed	  in	  the	  debris	  
which	  has	  been	  examined	  to	  date.	  	  The	  soc-‐catch	  foam	  has	  not	  yet	  been	  processed	  to	  extract	  fragments;	  
however,	  three	  unexpected	  mechanisms	  for	  yielding	  small	  fragments	  were	  revealed	  in	  two	  different	  
analyses	  (see	  below).[2-‐4]	  

4.  It	  is	  esFmated	  that	  on	  the	  order	  of	  100	  g	  of	  metallic	  aluminum	  was	  vaporized	  and	  at	  least	  parFally	  
converted	  to	  hypervelocity	  plasma	  by	  the	  impact	  (i.e.,	  plasma	  jets).	  	  This	  explains	  the	  need	  for	  assumed	  
energy	  sinks	  in	  current	  fragmentaFon	  models	  [8].	  	  Equally	  importantly,	  metal	  vapor/plasma	  plays	  a	  
previously	  unappreciated,	  key	  role	  in	  full-‐scale	  impacts:	  (1)	  the	  plasma	  blast	  velocity	  was	  esFmated	  at	  2–4	  
Fmes	  the	  incoming	  projecFle	  speed	  and	  appeared	  to	  be	  an	  important	  mechanism	  for	  internal	  force-‐
transmission	  and	  fragmentaFon	  of	  stout	  metallic	  structures;	  (2)	  microanalysis	  studies	  [5,6]	  reveal	  that	  
metal	  vapor	  can	  give	  rise	  to	  very	  large	  numbers	  of	  micro-‐	  and	  nano-‐parFcles	  via	  condensaFon	  and/or	  
homogeneous	  nucleaFon;	  (3)	  liquid-‐aluminum,	  formed	  by	  condensaFon	  from	  the	  vapor	  onto	  
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solid	  metal	  surfaces,	  yields	  thin	  (tens	  to	  hundreds	  of	  µm	  thickness)	  metal	  flakes,	  up	  to	  a	  cen9meter	  or	  
more	  in	  size.	  	  These	  flakes	  are	  only	  weakly	  bound	  to	  the	  metal	  substrate	  and	  therefore	  tend	  to	  detach	  
due	  to	  differen9al	  thermal	  stress,	  releasing	  cen9meter-‐scale	  high-‐energy	  orbi9ng	  	  fragments.	  	  
(Forma9on	  of	  these	  flakes	  was	  also	  observed	  in	  a	  recent	  lower-‐energy,	  full	  scale	  collision.)	  

5.  The	  importance	  of	  plasma	  jeFng:	  	  We	  observed	  clear	  evidence	  for	  the	  forma9on	  of	  plasma/vapor	  jets	  
powerful	  enough	  to	  easily	  pierce	  and	  fragment	  nearby	  aluminum	  and	  9tanium	  pressure	  vessels.	  	  
Although	  the	  existence	  of	  elemental	  plasma/vapor	  has	  been	  spectroscopically	  demonstrated	  by	  many	  
authors	  in	  hypervelocity	  impacts,	  to	  our	  knowledge,	  this	  provides	  the	  first	  clear	  evidence	  of	  the	  
importance	  of	  plasma	  jeFng	  as	  a	  primary	  fragmenta%on	  mechanism.	  	  This	  mechanism	  is	  probably	  only	  
clearly	  observable	  in	  full-‐scale	  hypervelocity	  impacts.	  	  Condensed-‐phase	  jet	  forma9on	  is	  reasonably	  
well-‐predicted	  by	  hydrocode	  models,	  although	  the	  vapor	  phase	  aspect	  is	  yet	  to	  be	  included.	  [7,	  9-‐11]	  

6.  The	  importance	  of	  the	  Primary	  Fragment	  Cone	  (PFC):	  	  The	  PFC,	  typically	  observed	  in	  full-‐scale	  
hypervelocity	  impacts	  (i.e.,	  at	  AEDC)	  provides	  a	  useful	  “rule-‐of-‐thumb”	  guide	  to	  understanding	  the	  
expected	  fragmenta9on	  of	  a	  real-‐world	  structure.	  	  It	  can	  also	  provide	  insight	  into	  	  par9cle	  size	  
distribu9on	  yields	  in	  conjunc9on	  with	  post-‐impact	  assessment	  ac9vi9es	  relying	  on	  current	  sta9s9cal	  
models	  (e.g.,	  Ref.	  2,	  8).	  	  In	  the	  case	  of	  the	  DebrisLV	  test,	  following	  impact,	  the	  outbound	  cone	  of	  
primary	  fragments	  carried	  a	  great	  deal	  of	  energy	  and	  momentum	  and	  easily	  destroyed	  stout	  metal	  
structures	  within	  the	  cone	  (plus	  and	  minus	  ~35o,	  centered	  in	  the	  impact	  vector),	  while	  leaving	  
structures	  outside	  the	  cone	  rela%vely	  unfragmented.	  	  It	  is	  also	  noted	  that	  the	  PFC	  appears	  to	  be	  well-‐
modeled	  by	  current-‐genera9on	  hydrocodes,	  sugges9ng	  the	  forensic	  u9lity	  of	  such	  code	  analyses	  of	  
cone	  genera9on;	  however,	  current-‐genera9on	  hydrocodes	  do	  not	  directly	  model	  the	  important	  
plasma-‐jeFng	  modes	  (see	  #4	  and	  #5,	  above).	  	  

6.  More	  sophis9cated	  corrobra9on	  of	  the	  observed	  DebrisLV	  results	  with	  hydrocode	  results	  will	  yield	  
be]er	  forensics.	  
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•  Present	  latest	  physical	  results	  of	  DebrisLV	  hypervelocity	  
impact	  experiment,	  including	  important	  new	  full-‐scale	  
results,	  which	  appear	  to	  be	  unique	  within	  the	  
hypervelocity	  breakup	  community	  

•  Relate	  these	  results	  to	  current	  and	  future	  SMC	  needs	  
regarding	  impact	  fragmentaOon	  assessments	  and	  orbital	  
debris	  modeling	  for	  space	  situaOonal	  awareness	  and	  
rapid	  predicOons	  in	  the	  event	  of	  future	  orbital	  collisions	  

•  Describe	  future	  work	  required	  to	  leverage	  the	  new	  
knowledge	  gained	  from	  the	  DebrisLV	  experiment,	  
including	  parOcipaOon	  in	  expected	  full-‐scale	  test	  Targets	  
of	  Opportunity	  (TOOs)	  at	  AEDC	  
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•  Refine	  physics	  and	  mechanics	  knowledge	  of	  impact	  fragmentaOon	  
mechanisms	  and	  results	  

•  Learn	  what	  Hydrocode	  models	  already	  do	  relaOvely	  well	  (i.e.,	  
condensed-‐phase	  modeling)	  and	  leverage	  these	  capabiliOes	  to	  beUer	  
understand	  the	  observed	  physical	  break-‐up	  mechanisms	  

Ø Insights	  into	  the	  physical	  breakup	  mechanisms	  will	  help	  improve	  
breakup	  models.	  

•  PotenOally	  support	  JSPOC	  with	  esOmates	  of	  unobservable	  debris,	  
which	  result	  from	  the	  new	  mechanisms	  reported	  herein,	  during	  
assessment	  acOviOes	  following	  an	  on-‐orbit	  collision.	  

•  Increased	  predicOon	  accuracy	  for	  untrackable	  debris;	  improved	  
understanding	  of	  the	  detailed	  mechanisms	  of	  momentum	  transfer	  
and	  fragmentaOon	  in	  orbital	  impacts.	  
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PROGRAM	  BACKGROUND	  
•  DebriSat	  is	  an	  ongoing	  joint	  NASA/SMC/Aerospace	  experiment	  to	  gain	  
needed	  insights	  into	  hypervelocity	  impact	  breakups	  of	  satellites	  uOlizing	  
modern	  design	  principles	  

−  Designed	  and	  built	  at	  University	  of	  Florida	  

•  DebrisLV	  was	  recognized	  as	  value-‐added	  by	  NASA/SMC	  to	  understand	  
impacts	  involving	  the	  150+	  upper	  stages	  currently	  disposed	  in	  low	  Earth	  
orbit	  

−  Designed	  and	  built	  at	  The	  Aerospace	  Corpora3on	  
−  Incorporated	  a	  flight-‐grade	  hydrazine	  thruster	  (a	  PAM-‐D	  Nuta3on	  Control	  Thruster,	  

or	  NCT	  assembly)	  

•  DebrisLV	  and	  DebriSat	  experiments	  were	  carried	  out	  consecuOvely	  at	  
Arnold	  Engineering	  Development	  Complex	  at	  Arnold	  AFB,	  TN,	  on	  April	  1	  
and	  April	  15,	  2014.	  	  	  

−  Both	  experiments	  u3lized	  polyurethane	  “soY-‐catch”	  foam	  to	  save	  fragments	  and	  
fragment	  distribu3ons/trajectories,	  but	  tended	  to	  mask	  microanalysis	  results	  

−  DebriSat	  and	  DebrisLV	  Foam	  and	  DebriSat	  post-‐shot	  fragments	  shipped	  to	  University	  
of	  Florida	  	  

−  DebrisLV	  post-‐shot	  free	  fragments	  sent	  to	  The	  Aerospace	  Corpora3on	  

•  This	  document	  focuses	  primarily	  on	  the	  DebrisLV	  results	  



CORE	  TECHNICAL	  MOTIVATION	  FOR	  DEBRISLV	  

Nozzles,	  Throats,	  CombusOon	  
Chambers,	  Turbopumps,	  LOX/Fuel	  
Lines,	  Engine	  Compartment	  Ficngs,	  
Tank	  Baffles,	  PressurizaOon	  Tanks,	  
Viaducts,	  Stage	  Couplers,	  Valves,	  

Ficngs,	  etc.	  

Nozzle,	  Throat,	  Tank,	  
Strapon	  Motors	  

•  “Tank-‐like”	  upper	  stages	  which	  
fragment	  very	  differently	  under	  
idenOcal	  orbital	  impacts	  due	  to	  
construcOon	  and	  materials	  
differences.	  

•  The	  physical	  mechanisms	  giving	  
rise	  to	  the	  fragmenta?on	  
differences	  are	  beginning	  to	  be	  
understood	  from	  forensic	  analyses	  
of	  DebrisLV.	  

•  DebrisLV	  observaOons	  may	  help	  
to	  support	  future	  post-‐event	  
assessment	  acOviOes,	  as	  well	  as	  
contribute	  to	  upgrades	  of	  orbital	  
fragmentaOon	  models.	  [2,8]	  

•  Combined	  forensics,	  computer	  
models,	  and	  microanalysis	  	  	  
studies	  provide	  important	  	  	  
insights.	  

CENTAUR 
PAM-D 

Wikipedia 

Wikipedia 



INTRODUCTION	  

•  DebrisLV	  (LV	  =	  “Launch	  Vehicle”)	  was	  designed	  to	  be	  both	  a	  realis?c	  
simula?on	  of	  the	  >150	  orbiOng	  upper	  stages,	  and	  a	  simple	  enough	  
structure	  to	  support	  detailed	  forensic	  and	  physical	  post-‐analysis.	  
–  “Dry	  Run”	  for	  experimental	  execu3on	  and	  collec3on	  processes	  for	  DebriSat	  
–  Provide	  greater	  insight	  into	  the	  dis3nc3ve	  characteris3cs	  of	  upper-‐stage	  
fragmenta3ons	  in	  on-‐orbit	  events	  	  

–  Detect	  and	  describe	  poorly	  understood	  mechanisms	  of	  hypervelocity	  fragmenta3on	  
at	  sufficient	  level	  of	  detail	  to	  support	  the	  enhancement	  of	  exis3ng	  orbital	  
fragmenta3on	  models	  

•  Several	  important	  results	  are	  presented	  
–  Details	  of	  physical	  mechanisms	  which	  transfer	  impact	  forces	  within	  structures	  
–  Details	  of	  physical	  mechanisms	  for	  genera3on	  of	  untrackable	  fragments	  
–  Observa3ons	  of	  a	  poten3al	  role	  of	  Strength-‐of-‐Materials	  in	  fragmenta3on	  
–  Observa3ons	  on	  fastener-‐release	  from	  upper	  stages	  (e.g.,	  rivets	  vs.	  screws	  and	  
metals	  vs.	  composites)	  

8 



INTRODUCTION	  (conOnued)	  
•  DebrisLV	  experiment	  acOviOes:	  

–  Ongoing	  literature	  survey	  for	  major	  types	  of	  knowledge	  about	  orbital	  and	  hypervelocity	  
impact	  experiments	  

–  Propose	  an?cipated	  and	  poten?al	  phenomenological	  results;	  design	  reasonable	  
experiments	  to	  record	  evidence	  for,	  or	  against,	  expected	  results	  

–  Repeatedly	  interact	  with	  AEDC	  Hypervelocity	  Impact	  expert	  experimentalists	  (B.	  Roebuck,	  
D.	  Woods)	  on	  “previous	  and	  typical”	  AEDC	  results	  and	  their	  applicability	  to	  DebrisLV	  

–  Consult	  with	  Aerospace	  experts	  for	  plasma	  physics,	  microanalysis,	  materials	  science,	  and	  
forensics	  

–  Develop	  methods	  to	  calibrate	  results	  of	  emissions	  from	  plasmas	  generated	  –	  develop	  
experimental	  suite	  of	  instruments	  

–  Modify	  and	  improve	  DebrisLV	  experimental	  design	  in	  real	  Ome	  

–  Help	  meet	  soZ-‐catch	  foam	  installa?on	  deadlines	  on-‐site	  
–  Recover	  important	  post-‐experiment	  data	  (large,	  free	  fragments	  of	  DebrisLV)	  
–  Develop	  analy?cal	  tools	  to	  interpret	  post-‐experimental	  data	  in	  the	  context	  of	  SMC	  needs	  

for	  enhanced	  orbital	  debris	  genera?on	  models	  and	  predic?ons/assessments	  

–  Synthesize	  and	  integrate	  data	  from	  video,	  microanalysis,	  and	  forensics	  into	  scien?fic	  	  best-‐
explana?ons	  of	  observed	  novel	  phenomena	  

9 
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INTRODUCTION	  (conOnued)	  

Impact Fragment 
Counting and 

Estimation 

Local Impulse 
Transfer 

Condensed 
Metal Micro- and 

Nano-spheres 

− Metal	  Flakes	  (small)	  
− Metal	  Spheres	  (small)	  
− Metal	  gases	  (?)	  
− Mixed	  phase	  flow,	  rapid	  cooling,	  
fragmenta?on,	  mel?ng,	  
ioniza?on,	  vaporiza?on,	  etc.	  [12]	  

Structural 
Energy Transfer 

− Fracture	  Modes	  
− Fastener	  Release	  

Impact Flash 

− Difference	  between	  DebriSat	  and	  DebrisLV	  
− Determine	  actual	  impact	  parameters	  
− Understand	  Probability	  of	  Outcome	  
− Mixed	  phase	  flow,	  rapid	  cooling,	  fragmenta?on,	  
(mel?ng,	  ioniza?on,	  vaporiza?on,	  etc.)	  

Aluminum Vapor/ 
Plasma Blast            
(upper stages) 

− Fracture	  Modes?	  
− Fastener	  Release?	  

±35°PFC 
(Primary Fragment 

Cone) 

BLUE:	  	  Observa?ons	  
Reported	  Here	  	  

The observation of metal vapor is not new, 
but this document shows its importance to 
fragment-producing processes which have 
not been appreciated in the past. 

Always	  observed	  by	  
AEDC	  Experimenters	  

Standard	  
Fragmenta?on	  

Analyses	  



BRIEF	  SURVEY/EXAMPLE	  DATA	  
RESULTS	  
Ø This is a quick survey intended only to provide context; 

more detailed technical briefings are available by other 
investigators/SMEs 
o  Hydrocode Examples (particles and temperatures) 
o  DebrisLV Overall Geometry and Construction 
o  DebrisLV Main Tank Fragmentation (cratering) 
o  DebrisLV Strapon Vapor/Plasma Blast Evidence 
o  Micro- and Nano-particles, Vapor Mixing 
o  Energetics and Layout 
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CRATERING	  AND	  DISINTEGRATION	  CONSISTENT	  WITH	  DEBRISLV	  OBSERVATIONS	  
̶  Condensed	  Phase	  (i.e.,	  solid/liquid	  metal	  fragments)	  “Cratering”	  
̶  Consistent	  with	  observed	  destruc?on	  primarily	  confined	  within	  PFC	  
̶  (But:	  No	  vapor/plasma	  phase)	  

Collaboration with Naoki Hemmi from Mechanical Systems Dept. [7] 

Hydrocode	  and	  Primary	  Fragment	  Cone	  (PFC)	  

•  Discrete	  impact	  
locaOon	  

•  Discrete,	  primary	  
fragments	  are	  the	  
only	  mechanism	  to	  
transmit	  damage	  
through	  extended	  
structure	  

•  Primary	  fragment	  
cone	  (PFC),	  ~70o	  
total	  angle	  

Hydrodynamic	  Modeling	  for	  Hypervelocity	  Impact	  FragmentaOon	  
-‐	  Hydrocode	  :	  CTH	  (Sandia	  Hydrodynamic	  code)	  	  
-‐	  Material	  EquaFons:	  Johnson-‐Cook	  Fracture	  Model	  and	  Grady-‐Kipp	  Dynamic	  
FragmentaFon	  Model	  	  (no	  vapor/plasma	  models	  are	  available)	  



13 Collaboration with Naoki Hemmi from Mechanical Systems Dept. [7] 

Hydrocode	  and	  Primary	  Fragment	  Cone	  (PFC)	  
Hydrodynamic	  Modeling	  for	  Hypervelocity	  Impact	  FragmentaOon	  
-‐	  Hydrocode	  :	  CTH	  (Sandia	  Hydrodynamic	  code)	  	  
-‐	  Material	  EquaFons:	  Johnson-‐Cook	  Fracture	  Model	  and	  Grady-‐Kipp	  Dynamic	  
FragmentaFon	  Model	  	  (no	  vapor/plasma	  models	  are	  available)	  

6.9	  km/s	  Impact	  

Su
rf
ac
e	  
Te
m
pe

ra
tu
re
	  (K

)	  

Time	  (microseconds)	  

Al,	  Fe,	  Ni,	  Cr,	  Si,	  etc.	  Boiling	  Range	  

Evidence	  for	  prompt	  formaOon	  
of	  high-‐energy	  gas/plasma	  
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DebrisLV	  Mounted	  in	  Soq-‐Catch	  Foam-‐Lined	  Chamber	  

Riveted	  Structure	  
-‐ Aluminum	  (6061-‐T6,-‐O	  and	  5154-‐O)	  
-‐ Stainless	  Steel	  (304	  and	  316)	  
-‐ Copper	  
-‐ Titanium	  (6Al-‐4V	  hydrazine	  tank)	  
-‐ Realis3c	  materials	  thicknesses	  to	  simulate	  
upper-‐stage	  structures	  at	  full	  scale	  
-‐ Real	  spaceflight	  assembly	  (NCT)	  

IMPACT	  

PROJECTILE	  

Strap-On Tanks 

Skin and Longerons 

PAM-D Nutation-
Control Thruster 
(NCT) Assembly 

Rendering collaboration with Christopher Hartney from Space Instrumentation Dept. 

(actual 
impact) 

NOTE	  ARROW	  MARK	  
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Primary	  Fragment	  Cone	  –	  Side	  View	  

Compare	  with	  Hydrocode	  Result	  (slide	  #12)	  

(TOP)	  

FILL	  TUBE	  

(FRONT)	  

(BOTTOM)	  
FOOTER	  

PROJECTILE 

Side	  View	  



PR
O

JE
C

TI
LE
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Primary	  Fragment	  Cone	  –	  Top	  View	  

Compare	  with	  Hydrocode	  
Result	  (slide	  #12)	  

PROJECTILE ENTRY 
(behind tank image) 

FILL	  TUBE	  

Top	  View	  
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Solid-‐	  and	  Liquid-‐Phase	  Primary	  Impact	  Cratering	  	  

Compare	  with	  Hydrocode	  Result	  (slide	  #12)	  

INSIDE TOP 
OF TANK 

INSIDE BOTTOM 
OF TANK CRATERING	  FROM	  PRIMARY	  

FRAGMENTS	  (solid	  and	  liquid;	  i.e.,	  the	  
condensed	  phase)	  

CLOSE UP 

CRATERING	  AT	  
EDGE	  OF	  PFC	  
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12	  inches	  

CRATERING	  AND	  DISINTIGRATION	  
̶  Defines	  Edge	  of	  PFC	  
̶  Solid	  Metal	  Chunks	  
̶  Liquid	  Metal	  Droplets	  

DebrisLV	  Main	  Tank	  Post-‐Shot	  

Cratering	  is	  characterisOc	  of	  both	  solid	  
fragment	  and	  liquid	  metal	  droplet	  
impacts,	  consistent	  with	  the	  current	  
state-‐of-‐the-‐art	  for	  Hydrocode	  results.	  	  
Provides	  a	  mechanism	  for	  destrucOon	  
within	  primary	  fragment	  cone	  (PFC)	  

CRATERING	  AND	  DISINTIGRATION	  
Solid-‐	  and	  Liquid-‐Phase	  Cratering	  Predicted	  By	  Hydrocode	  
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Titanium	  Fe-‐Ni-‐Cr	  

Substrate:	  Aluminum-‐Silicon	  
Alloy	  Valve	  Body	  

Condensed	  
Metal	  on	  
Surface	  

Titanium-‐Fe-‐Ni-‐Cr-‐Si	  
Mixed	  Melt	  Phase	  on	  Surface	  

Evidence	  of	  Liquid	  Metal	  Condensed	  from	  Vapor	  Phase	  

•  Liquid	  metals	  do	  not	  melt	  and	  flow	  at	  these	  ?me	  scales	  
•  Condensa?on	  of	  liquid	  metal	  from	  the	  gas	  phase	  supports	  several	  mechanisms	  
for	  produc?on	  of	  small-‐to-‐nanoscale	  fragments	  

•  Solidified	  liquid	  film	  forms	  detached	  flakes	  due	  to	  thermal	  stresses	  as	  film	  cools	  	  
• Microanalysis	  yields	  evidence	  for	  gas-‐phase	  reac?on	  and	  elemental	  segrega?on	  
and	  molecular	  associa?on	  (e.g.,	  AlO	  forma?on)	  prior	  to	  deposi?on	  [6,	  12]	  	  

•  Unknown	  ra?o	  of	  gas-‐phase	  nanopar?cle	  nuclea?on	  versus	  liquid-‐metal	  vapor-‐
condensa?on	  followed	  by	  blow-‐off	  (micropar?cles)	  



DebrisLV	  LAYOUT	  IN	  TEST	  
CHAMBER	  

20 
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Arena	  and	  DebrisLV	  Appearance	  Before	  and	  Aqer	  Shot	  

(Mass	  Spectrometer	  
Gas	  Sampling	  Tube)	  

Support	  Wires	  

Borescope	  
IMPACT	  

• Similar	  photograph	  posiFons	  
• Many	  soc-‐catch	  panels	  broke	  free	  from	  
restraints	  –	  most	  are	  in-‐place	  

• Stencil	  markings	  will	  prove	  useful	  during	  analysis	  
• Several	  large	  pieces	  of	  DebrisLV	  were	  found	  on	  
the	  floor	  of	  the	  tank	  (as	  far	  as	  70	  feet	  downrange)	  

• ~0.002	  atm.	  of	  air	  at	  room	  temperature	  
• 400	  J/g	  impact	  energy;	  15	  Mjoules	  Total	  

Photos courtesy AEDC and NASA (Robert Markowitz) 
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6061-‐T6	  	  
Strap-‐On	  
Tanks	  

6061-‐T6	  
Alloy	  Skin	  

ETP	  Copper	  
Longeron	  

304	  SS	  
Gas	  Lines	  

Borescope	  

Roll	  Control	  
Thruster	  	  (NCT)	  
Assembly	  	  

5154-‐O	  
MAIN	  TANK	  

6061-‐T6	  
Longerons	  

DebrisLV	  Subassemblies	  	  

Titanium	  NCT	  Tank	  
and	  Fuel	  Lines	  

Projectile entered near top, exit near bottom 
Photos courtesy AEDC 

316	  SS	  Longeron	  

316	  SS	  Longeron	  

IMPACT	  POINT	  
(see	  slide	  #28)	  

BriUle,	  Die-‐Cast	  
Aluminum	  Frame	  



DebrisLV	  ProjecOle	  Design	  (AEDC)	   •  Designed	  hollow	  for	  peak	  
speed	  (~	  7	  km/s);	  ~3.3	  in.	  dia	  
x	  ~5	  in.	  tall	  

•  Hollow,	  heavy-‐walled	  design	  
effecFvely	  simulates	  a	  non-‐
solid	  object	  such	  as	  debris	  or	  
a	  miniature	  satellite	  

•  Nylon	  tail-‐piece	  of	  
penetrator	  detached	  during	  
acceleraFon,	  effecFvely	  
simulaFng	  a	  solar-‐panel	  

•  15	  MJoules	  energy	  

•  6061-T6 Frame 
•  Nylon Body 
•  Hollow Center for Electronics 

BODY	  

FRAME	  

FRAME	  
LID	  

(VENTS)	  

AS
SE
M
BL
Y	  

Assembled	  Chassis	  

Projec?le	  models	  miniature	  satellite	  or	  fragment-‐like	  object.	  

3.3	  inch	  diameter	  

Photos courtesy AEDC 23 
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TO
P	  
VI
EW

	  
SI
DE

	  V
IE
W
	  

High-‐Speed	  X-‐Ray	  Images	  
of	  ProjecOle	  in	  Flight	  	  	  	  	  	  	  	  	  

(6.9	  km/s)	  

BODY	  

DebrisLV	  

BASE	  

NYLON	  OVER	  
ALUMINUM	  

NYLON	  
BASE	  

Direction of Flight 

•  High-‐speed	  X-‐Ray	  photographs	  (right)	  reveal	  
“stop	  acOon”	  geometry	  of	  projecOle	  in	  flight	  

•  Hollow	  aluminum	  cylindrical	  core,	  surrounded	  
by	  nylon,	  with	  a	  nylon	  base	  

•  Nylon	  base	  of	  projecOle	  separated	  from	  the	  
body	  of	  the	  projecOle	  during	  shot	  

X-‐Ray	  Photographs	  of	  ProjecOle	  in	  Flight	  

X-Rays courtesy AEDC 
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BODY	  DebrisLV	   BASE	  

•  ~600 g projectile; ~7 km/s 
•  ~3.3 inch diameter x ~4 inch long 
•  15 psia xenon in main tank; 50 psia helium 

in NCT titanium tank 
•  Tank mounted ~45° angle; projectile flying 

horizontally as shown (left) 
•  Approximate Primary Fragment Cone 

(PFC) shown in blue dashed lines 

ProjecOle	  Flight	  Path	  for	  DebrisLV	  

SIDE	  VIEW	  

TOP	  VIEW	  

BODY	  
BASE	  
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AEDC	  Main	  Vacuum	  Chamber:	  View	  From	  Gun	  Muzzle	  

(observaOon	  
mirror)	  

MAIN	  DOO
R	  

(witness	  
plate)	  

SOFT-‐CATCH	  ARENA	  

~	  
50
	  fe

et
	  



GAS/PLASMA	  CLOUD	  BLAST	  
PATTERN	  
Observed	  plasma-‐jets	  are	  an	  unexpected,	  limited-‐range	  
mechanism	  for	  the	  par33oning	  of	  energy	  through	  complex	  
space	  structures.	  

	  -‐	  	  A	  limited-‐range	  fragmenta3on	  mechanism	  has	  been	  needed	  in	  
order	  to	  explain	  fragmenta3on	  processes	  observed	  on-‐orbit.	  

Observa3ons	  on	  reten3on	  of	  fasteners	  	  
	   	  -‐	  Rivets	  and	  screws	  in	  metal	  vs.	  carbon	  fiber	  composites	  

27 
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DebrisLV	  Early	  Blast	  Sequence	  

Plasma blast (jet), propagates in the 
forward direction, exits DebrisLV skin 
and begins to penetrate forward strap-

on tank (ca. 5 µs after impact) 

High-speed video of projectile impact under 
heavy neutral-density filter conditions –

unexpectedly complex, “duplex” flash (i.e., 
BRIGHT and SUPER-BRIGHT flashes) 

PLASMA 
HOLING 
FORWARD 
STRAP-ON 
TANK 

WHITE-HOT “Bright-
Flash” PLASMA 
EXITING THE 
FORWARD STRAP-ON 
TANK AFTER 
PENETRATION 

NOTES: (1) Heavy neutral-density filtering makes Bright-Flash plasma appear somewhat dark. 
 (2) White portions of images are so bright that they are saturated 
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Forward-‐DirecOon	  Metal	  Vapor	  Blast	  

• Forward-‐Facing	  Jet	  results	  in	  
untrackable	  parOcles	  possibly	  
being	  placed	  into	  unanOcipated	  
orbits	  

FORWARD	  STRAP-‐ON	  TANK	  DESTROYED	  
BY	  PLASMA	  JET,	  NOT	  FRAGMENTS	  

Note	  forward-‐facing	  
arrow	  mark	  (see	  
slide	  #14)	  
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DebrisLV	  Strap-‐On	  Tank	  and	  Plasma/Vapor	  Blast	  

Ø No	  cratering	  
Ø Outside	  of	  PFC	  
Ø Metal	  vapor	  Jet	  only	  
Ø Sliced	  through,	  and	  
deeply	  distorted,	  a	  
very	  stout	  tank!	  

Ø Inside	  coated	  with	  
aluminum	  

Note:	  Pressure	  tank	  
is	  rated	  at	  2,000	  psi	  
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DebrisLV	  Strap-‐On	  Tank	  and	  Plasma/Vapor	  Blast	  

Ø No	  cratering	  observed	  because	  tank	  was	  located	  outside	  of	  
PFC	  

Ø Metal	  plasma/vapor	  jet	  was	  only	  energy	  transfer	  mechanism	  
Ø Sliced	  through,	  and	  deeply	  distorted,	  a	  very	  stout	  tank!	  	  
Ø Inside	  coated	  with	  aluminum	  condensed	  metal	  from	  metal	  jet	  	  

Pressure	  tank	  rated	  at	  2,000	  psi	  



TIME (µsec) –10  +30  +60  +90  +130  

DebriSat: 

DebrisLV: 

(saturated) (saturated) 

Chemistry	  in	  Turbulent,	  Hypersonic	  (but	  slower)	  
“Bright-‐Flash”	  Cloud	  

Hypersonic"Super-‐Bright-‐Flash”	  Cloud	  

Note:	  	  NO	  “Super	  Bright-‐Flash”	  Cloud	  is	  observed	  in	  DebriSat	  

•   •   •   

Photos courtesy AEDC and NASA (Robert Markowitz) 

DebrisLV	  vs.	  DebriSat	  Duplex	  Plasma	  Timelines	  
Normal 
AEDC 
Exposure 
Profile 

Aerospace	  
Exposure	  
Profile	  

32 

Different	  energy	  libera?on	  rates	  suggest	  different	  fragmenta?on	  
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TURBULENT,	  	  HYPERSONIC	  	  
STRAP-‐ON	  TANK	  BLOW-‐
OUT	  PLASMA	  JET	  HYPERSONIC	  

LAMINAR-‐FLOW	  
PLASMA	  JET	  	  

Time-Resolved Data on Spatial Distribution of Energy 
Impact cloud (plasma/vapor jet) velocity ~10–30 km/s 

TOUCH-‐DOWN	  
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DebrisLV	  Infrared	  Blast	  Sequence	  
•  Sensors	  on	  Main	  Vacuum	  Tank	  Exterior	  

•  Aerospace	  Hypertemporal	  MulAspectral	  
Imager	  (AHMI)	  4–5	  µm	  infrared	  

• NASA	  Color	  Phantom	  Camera	  (Aerospace	  
Se+ngs	  to	  Capture	  Flash	  Temperature)	  

AHMI	   PHANTOM	  
CAMERA	  

(CLICK	  IMAGE	  TO	  	  
PLAY	  VIDEO)	  

DebrisLV	  projecAle	  

flash	  lamps	  

•  Infrared	  images	  track	  
fragments	  long	  aPer	  visible	  	  

•  EsAmates	  fragment	  
temperatures	  



PLASMA	  VAPOR	  DEPOSITION	  

• Short-range impulse transfer to surrounding 
structure 

• Metal deposition, condensation, and flaking 
Ø New, mechanism for producing untrackable (i.e., less 

than 1 cm) space-debris fragments 

35 
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Bare	  DebrisLV	  Main	  Tank	  Before	  and	  Aqer	  Shot	  

Pictures	  are	  at	  
same	  size	  scale	  
(Yellow	  dashed	  ellipse	  =	  
projec?le	  entry	  loca?on)	  

BEFORE	   AFTER	  	  (one	  single	  fragment)	  

Plasma/Vapor 
Deposited metal, 
partially flaked off 
after the shot 

Note:	  The	  back	  ~30%	  
circumference	  of	  the	  
lower	  half	  of	  the	  tank	  
was	  fully	  fragmented	  by	  
the	  projecOle	  and	  
primary	  debris	  cone	  

Metal flakes are thermally stressed after solidification and 
fall off in orbit 
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NCT	  Titanium	  Tank	  Fragments	  –	  Plasma	  Jet	  Blast	  

Ubiquity	  of	  aluminum	  vapor	  suggests	  new	  path	  to	  small	  fragments	  

•  Typical	  aluminum	  vapor	  
deposits	  associated	  with	  
regions	  of	  “ripped	  apart”	  
tank	  

− No	  cratering	  
− Metal	  vapor	  deposits	  

•  Arrows	  show	  direcOon	  of	  
vapor	  flow	  captured	  in	  
solidified	  metal	  deposits	  

•  Vapor	  process	  yields	  sub-‐
cenOmeter	  metal	  flakes	  and	  
spheres	  as	  condensed	  metal	  
is	  blown	  off	  the	  edge	  of	  
pieces	  during	  impact	  event	  

•  A	  related	  phenomenon	  is	  
observed	  on	  the	  exterior	  of	  
reentered	  space	  debris.	  

Highly	  Turbulent	  
Aluminum	  Vapor	  
Cloud	  

Aluminum	  
Flake	  Source	  
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NCT	  Chassis	  Large-‐Fragment	  Brief	  Survey	  
•  Very	  few	  impact	  craters	  were	  
found	  on	  the	  NutaFon	  Control	  
Thruster	  (NCT)	  

•  Suggests	  that	  the	  majority	  of	  the	  
outer	  cone	  of	  primary	  debris	  was	  
intercepted	  by	  the	  (interior	  of)	  the	  
DebrisLV	  main	  tank	  

•  Observed	  both	  duc3le	  and	  brifle	  
failure	  modes,	  consistent	  with	  
many	  different	  materials	  of	  
DebrisLV	  

•  No	  “missing”	  small	  fragments	  at	  
brifle-‐failure	  sites;	  implies	  low	  
probability	  of	  non-‐PFC	  small	  	  
fragment	  yields	  for	  metallic	  
structures.	  

•  Aluminum	  liquid	  condensate	  flow	  
direc3ons	  shown	  by	  arrows	  

Failure	  at	  
Fastener	  

Liberated	  Fastener	  Holes	  

180°	  DucOle	  Fold	  

Retained	  Fasteners	  

Deposited	  
Aluminum	  
CoaOng	  

Liquid-‐phase	  path	  to	  small	  fragments	  (untrackable	  on	  orbit)	  
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Metal	  Vapor:	  Upper	  Stage	  Titanium	  Tank	  Reentry	  

Liquid-‐phase	  path	  to	  small,	  untrackable	  fragments	  

•  Prior	  observa;on	  of	  
liquid-‐metal	  blow-‐off	  
mechanism	  genera;ng	  
small,	  untrackable	  
par;cles	  in	  space.	  

•  High-‐energy,	  vacuum	  
condi;ons	  

•  However;	  unlike	  orbital	  collisions,	  reentry	  
is	  below	  orbital	  al>tudes	  –metal	  blow-‐off	  
par>cles	  created	  by	  orbital	  impacts	  at	  
orbital	  al>tudes	  would	  tend	  to	  persist	  in	  
orbit	  as	  orbital	  debris.	  
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mass	   velocity	   Energy	   Momentum	  
kg	   m/s	   1/2mv2	   mv	  

.357	  magnum	  (HL)	   0.01	   453	   	  	  	  	  	  	  1,026	  	  Joules	   4.5	   Newton-‐sec	  
.50	  caliber	  BMG	   0.045	   910	   	  	  	  	  18,632	  	  Joules	   41	   Newton-‐sec	  
Space	  Flake	  0.00025	   14000	   	  	  	  24,500	  	  Joules	   4	   Newton-‐sec	  

Small,	  Untrackable	  ParBcles	  In	  Orbit	  –	  Lethality	  Effect	  

.50-‐Caliber	  BMG	  

• Momentum	  is	  always	  
conserved	  

•  Energy	  may	  change	  form	  
into	  light,	  sensible-‐heat,	  
latent-‐heat,	  etc.)	  

Metal	  
Flake	  

(~1.5	  cm	  x	  ~3.5	  cm)	  

Small	  par>cles	  can	  impact	  external	  fuel	  tanks	  
to	  ini>ate	  orbital	  explosions.	  



MATERIALS	  PROPERTIES	  EFFECTS	  
ON	  FRAGMENTATION	  
•  Materials strength properties correlate with debris size 

distribution 

•  Measure fraction of remaining mass in largest fragment of: 
  - Aluminum main tank 
  - Aluminum strap-on tanks 
  - Copper longeron 
  - Titanium NCT thruster tank 

41 
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6061-‐O	  	  
Strap-‐On	  
Tanks	  

6061-‐T6	  
Alloy	  Skin	  

ETP	  Copper	  
Longeron	  

304	  SS	  
Gas	  Lines	  

Borescope	  

Roll	  Control	  
Thruster	  	  (NCT)	  
Assembly	  	  

5154-‐O	  
MAIN	  TANK	  

6061-‐T6	  
Longeron	  

Reminder:	  	  DebrisLV	  Materials	  

Titanium	  NCT	  Tank	  Projectile entered near top, exit near bottom 
Photos courtesy AEDC 
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Observed	  Mass	  FracOon	  vs.	  Structure/ProperOes	  
•  Correla?on	  of	  fragmenta?on	  yield	  with	  materials	  physics	  

•  Effects	  of	  structure	  and	  geometry	  
Ø Type	  of	  fastener	  
Ø Material	  thickness 	  	  
Ø Layout	  (trusses,	  construc3on	  stresses,	  etc.)	  

•  Effects	  of	  materials	  proper?es	  
Ø Yield	  and	  ul3mate	  strengths,	  fracture	  toughness,	  etc.	  
Ø Physical	  proper3es	  (thermal	  conduc3vity,	  melt/boil	  temperatures,	  latent	  heats,	  
etc.)	  

•  As	  an	  ini?al	  observa?on,	  we	  define	  “substructures”	  of	  DebrisLV,	  then	  
correlate	  the	  substructure	  mass	  frac?on	  contained	  in	  the	  largest	  piece	  
from	  each	  substructure	  	  
Ø Longerons	  =	  ETP	  copper,	  304	  stainless	  steel,	  6061-‐T6;	  Main	  Tank	  =	  5154-‐0;	  NCT	  
Tank	  =	  6Al-‐4V	  3tanium;	  Strap-‐on	  Tanks	  =	  6061-‐T6	  

Ø Substructure	  mass	  frac3on	  contained	  in	  largest	  fragment	  from	  a	  substructure	  
should	  vary	  approximately	  inversely	  with	  the	  number	  of	  small	  fragments	  
formed	  by	  hypervelocity	  impact	  (e.g.,	  power	  law	  scaling)	  



44 

Substructure	  Yield	  for	  Four	  DebrisLV	  Substructures	  

•  Substructure	  mass	  fracOon	  of	  the	  largest	  piece	  from	  4	  different	  
substructures,	  as	  a	  funcOon	  of	  literature	  values	  of	  material	  properOes.	  

•  Yield	  Strength	  correlates	  best	  with	  “resistance	  to	  fragmentaOon”	  	  
•  Needs	  More/Beser	  Data!	  	  (e.g.,	  X-‐Ray	  data	  from	  foam	  panels	  that	  may	  
be	  available	  in	  the	  future	  from	  Univ.	  of	  Florida/NASA)	  
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TECHNICAL	  CONCLUSIONS	  
•  The	  Primary	  Fragment	  Cone	  (PFC)	  is	  observed	  to	  subsume	  a	  zone	  of	  relaDvely	  complete	  
destrucDon,	  due	  in	  large	  part	  to	  localized,	  hypervelocity,	  condensed-‐phase	  bolide	  
(primary	  fragment)	  impacts.	  	  The	  resulDng	  cratering	  paIerns	  are	  diagnosDc	  and	  
significant	  mass	  is	  missing.	  	  	  

•  The	  physics	  of	  condensed-‐phase	  impacts	  is	  relaDvely	  well-‐reproduced	  with	  hydrocodes,	  
as	  are	  condensed-‐phase	  Jets.	  	  

•  Fast,	  high-‐energy	  vapor/plasma	  clouds	  from	  Jets	  propagate	  at	  unusual	  angles	  from	  
impacts,	  cause	  significant	  structural	  damage,	  and	  launch	  fragments	  into	  unanDcipated	  
orbits.	  These	  jets	  are	  an	  unanDcipated,	  primary	  fragmentaDon,	  impulse-‐transfer	  
mechanism	  in	  complex	  structures.	  

•  Liquid	  metal	  condensed	  from	  the	  plasma/vapor	  phase	  forms	  large	  quanDDes	  of	  
untrackable	  fragments,	  many	  of	  which	  contain	  sufficient	  energy	  to	  pierce	  fuel	  tanks	  of	  
orbiDng	  structures	  and	  iniDate	  explosions.	  

•  Rivets	  are	  not	  preferen/ally	  liberated	  (needs	  further	  verifica1on)	  	  
•  Metal	  yield	  strength	  was	  observed	  to	  correlate	  moderately	  well	  with	  largest	  fragment	  
size	  in	  specific	  DebrisLV	  substructures	  
Ø  More	  data	  is	  needed	  
Ø  Only	  applies	  to	  fragments	  produced	  outside	  of	  the	  Primary	  Fragment	  Cone	  



46 

FUNCTIONAL	  CONCLUSIONS	  

•  The	  Aerospace	  Space	  Sciences	  Applica?ons	  Laboratory	  has	  developed	  a	  
comprehensive,	  Full-‐Scale	  Hypervelocity	  Impact	  Experiment	  test	  and	  analysis	  
methodology,	  capable	  of	  significantly	  extending	  our	  understanding	  of	  orbital	  impact	  
physics	  and	  mechanics.	  	  The	  Aerospace	  laboratory	  analysis	  and	  forensic	  techniques	  
yield	  useful,	  specific	  results	  which	  can	  be	  incorporated	  into	  models	  to	  enhance	  
orbital	  impact	  fragmentaOon	  model	  accuracy	  and	  comprehensiveness.	  

•  We	  have	  demonstrated	  a	  method	  to	  leverage	  Hydrocode	  model	  results	  to	  predict	  
plasm	  jet	  formaOon	  in	  relaOvely	  simple	  structures.	  	  More	  modeling	  needs	  to	  be	  done	  
to	  fully	  leverage	  Hydrocode	  results	  on	  the	  DebrisLV	  vehicle	  impact	  test	  results.	  

Ø  Plasma	  jets	  play	  an	  important	  role	  in	  fragmenta3on	  energy-‐transfer	  during	  orbital	  
collisions	  

Ø  Improved	  knowledge	  of	  plasma	  Jet	  forma3on	  may	  aid	  orbital	  impact	  analyses	  
Ø  Although	  not	  yet	  applicable	  to	  complex	  structures,	  current	  Hydrocode	  results	  help	  

interpret,	  encapsulate,	  and	  reinforce	  the	  DebrisLV	  forensic	  observa3ons	  and	  analyses.	  

•  The	  enOre	  Orbital	  Debris	  community	  needs	  to	  be	  apprised	  of	  these	  results	  via	  
publicaOon	  in	  the	  open	  scienOfic	  literature.	  
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RECOMMENDATIONS	  
•  Obtain	  panel	  X-‐ray	  informaOon	  from	  University	  of	  Florida	  to	  complete	  fragment	  size	  
analysis	  of	  DebrisLV	  

Ø  Libera3on	  of	  individual	  rivets;	  implied	  nature	  of	  libera3ng	  force(s)	  
Ø  Nature	  of	  fragments	  contained	  in	  soY-‐catch	  

•  Present/publish	  observaOons	  to	  the	  wider	  community,	  SMC,	  refereed	  journal	  arOcles,	  
and	  internaOonal	  space	  debris	  community	  	  

•  Repeat	  full-‐scale	  experiment(s)	  as	  Targets	  of	  Opportunity	  at	  AEDC	  permit:	  (an3cipate	  3–
5;	  current	  list)	  

Ø  Study	  material	  yield	  strength	  dependency	  (i.e.,	  high-‐strength	  main	  tank)	  
Ø  Heterogeneous	  projec3le	  experiment	  (e.g.,	  steel/3tanium/tungsten)	  is	  essen3al	  to	  assess	  

par33oning	  of	  energy	  between	  projec3le	  and	  target	  
Ø  Tank	  containing	  no	  gas	  (DebrisLV	  contained	  15	  psia	  xenon)	  	  
Ø  Addi3onal	  experiments	  TBD	  in	  consulta3on	  with	  DebriSat/DebrisLV	  Team	  

•  Collaborate	  with	  other	  experimenters	  	  

•  Current	  hydrocodes	  reproduce	  the	  Primary	  Fragment	  Cone	  reasonably	  well,	  but	  not	  
observed	  plasma/vapor	  blasts	  

Ø  In-‐house	  hydrocode	  modifica3ons	  may	  be	  fruimul	  
Ø  Collaborate	  with	  other	  hydrocoders	  to	  validly	  predict	  plasma	  jet	  forma3on	  and	  	  	  	  	  

dis3nguishing	  phenomena 	  	  
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