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Soot	
  impacts	
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  wide	
  variety	
  of	
  engineering	
  applicaDons	
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•  Soot	
  forma)on	
  impacts	
  a	
  wide	
  
variety	
  of	
  combus)on	
  systems	
  

•  Fire	
  is	
  a	
  dominant	
  safety	
  threat	
  
•  Propulsion	
  and	
  power	
  
genera)on	
  systems	
  

•  Emissions/environment/health	
  
•  Heat	
  transfer	
  equipment	
  

•  Furnaces,	
  boilers	
  

Sandia’s Motivation for Fire Research
• Fire is a dominant source of risk to 
Sandia/DOE strategic systems, and US 
civilian and commercial infrastructure

• The heat flux from fires to objects is 
critical for engineering risk analysis

•Validation and verification of fire-
simulation tools such as ASC-FUEGO 
requires high-fidelity experimental data

• Temperature, soot, mixture fraction, fuel 
regression rate, velocity….

• The meter-scale and large-scale turbulent 
fluctuations of realistic fire testing makes 
high-fidelity experiments extremely 
challenging!

• Fire testing typically low-cost robust 
instrumentation, but improved multi-
parameter diagnostics are needed.

http://abcnews.go.com/Technology/Travel/wireStory?id=3529012

hydrocarbon	
  fire	
  safety	
  

energy.sandia.gov	
  
tubeih.com/powerstaDon-­‐boiler	
  



Soot	
  radia)ve	
  heat	
  flux	
  is	
  the	
  dominant	
  risk	
  driver	
  in	
  fire	
  environments	
  

Radia)ve	
  Transfer	
  Equa)on	
  (RTE)	
  

  
d Iλ
ds

= µλ Iλ ,b T( ) − µλ Iλ
emission	
   absorpDon	
  

Iλ,b(T) = blackbody at temperature, T 
 
 

  
µλ =

fv
λ

g n,k( ) =	
  soot	
  absorpDon	
  coeff.	
  
§  Turbulent	
  flame	
  is	
  an	
  assembly	
  of	
  
strained	
  and	
  wrinkled	
  flame	
  sheets	
  

	
  

§  Direct	
  validaDon	
  of	
  RTE	
  and	
  heat-­‐
transfer	
  models	
  require	
  
§  Temperature	
  and	
  soot	
  
measurements	
  

§  Time-­‐	
  and	
  space-­‐resolved	
  



•  Sandia	
  CRF	
  design	
  (Shaddix)	
  
•  Pilot-­‐stabilized	
  canonical	
  
turbulent	
  jet	
  flame:	
  Re	
  =	
  20,000	
  	
  

•  Soot/smoke	
  yield	
  can	
  be	
  varied	
  by	
  
vi)a)on,	
  dilu)on,	
  or	
  fuel	
  type	
  

•  Baseline	
  case	
  à	
  pure	
  C2H4	
  fuel	
  
•  Also	
  inves)ga)ng	
  25%	
  and	
  50%	
  
C3H6	
  addi)on	
  

•  LII	
  measurements	
  have	
  been	
  
performed	
  by	
  Shaddix	
  et	
  al.	
  
(SAND2010-­‐7178)	
  	
  

•  Max	
  soot	
  fv	
  ~	
  0.55	
  ppm,	
  jet-­‐fuel	
  
pool	
  fire	
  is	
  ~	
  1	
  ppm	
  

Turbulent	
  ethylene	
  jet-­‐flame	
  burner	
  

~1 m 

Conditioned co-flow air 

fuel jet – 3.2 mm 

IncepDon	
  

Growth	
  

OxidaDon	
  



Movie	
  of	
  Re	
  =	
  20,000	
  Jet	
  Flame	
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Abercrombie & 
Fitch 

Casual wear for the fashionable 
diagnostics engineer 



One-­‐dimensional	
  turbulence	
  (ODT)	
  	
  
Diffusion and Reaction 

“Triplet map” Eddy 
region 

Stochastic Advection 

•  Resolves	
  diffusive-­‐reacDve	
  structures:	
  heat,	
  
species,	
  mass,	
  momentum.	
  

•  1-­‐D:	
  line	
  through	
  flame	
  or	
  along	
  dominant	
  
gradient	
  

•  Turbulent	
  advecDon	
  modeled	
  via	
  stochasDc	
  
eddy	
  events.	
  

•  ComputaDonally	
  affordable.	
  
–  O(8)	
  hr	
  per	
  realizaDon	
  
–  O(100)	
  realizaDons	
  for	
  staDsDcs	
  

•  Vary	
  soot	
  producDon	
  rates	
  to	
  match	
  LII	
  
results	
  in	
  soot-­‐growth	
  region	
  

•  Leung	
  and	
  Lindstedt	
  soot	
  model	
  



Coherent	
  anD-­‐Stokes	
  Raman	
  Scafering	
  (CARS)	
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•  Coherent, laser-like signal beam 
à spatially isolated 
à readily coupled to fibers 

•  Blue-shifted signal beam 
à spectrally isolated 

•  Orders of magnitude stronger 
than incoherent scattering 

f 

flame	
  emission	
  

CARS	
  

Rayleigh	
  

Wavelength	
  (nm)	
  

O2	
   CO2	
   N2	
   H2	
  

Raman/LIF	
  



fs/ps	
  RotaDonal	
  CARS	
  processes	
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fs/ps	
  RotaDonal	
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ECARS t −τ( )= Eprobe t −τ( ) × χ t( )

FFT	
  
0

0.2

0.4

0.6

0.8

1

40 80 120 160 200 240 280

T = 300 K
T = 1500 K

C
AR

S 
In

te
ns

ity
 (a

rb
. u

ni
ts

)

Raman Shift (cm-1)

  
WJ = X γ 2 bJ ′J N ′J − NJ( )

  

NJ
N

~
1
T

exp −ε J kT( )



Temperature (K) 

Simulated	
  detector	
  
counts	
  in	
  pure	
  N2	
  

Two-­‐channel	
  CARS	
  instrument	
  for	
  enhanced	
  dynamic	
  range	
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•  CARS	
  signal	
  strength	
  varies	
  by	
  ~3	
  
orders	
  of	
  magnitude	
  between	
  room	
  
and	
  flame	
  temperatures	
  

•  The	
  highly	
  fluctua)ng	
  temperatures	
  in	
  
turbulent	
  flames	
  make	
  dynamic	
  range	
  
a	
  challenge	
  

•  Two-­‐channel	
  detec)on	
  system	
  
implemented	
  



Laser-­‐Induced	
  Incandescence	
  (LII)	
  

P.E.	
  Bengtsson	
  
Lund	
  University	
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•  Nd:YAG	
  laser	
  at	
  1064	
  nm	
  
•  Rapid	
  heaDng	
  of	
  soot	
  parDcles	
  

above	
  background	
  
•  For	
  nm-­‐scale	
  soot	
  primary	
  parDcles	
  

	
  
	
  

•  DetecDon	
  w/ICCD	
  30-­‐ns	
  gate	
  
•  Direct	
  imaging	
  of	
  soot	
  fv	
  

  
SLII ~ dp

3



CollecDon	
  of	
  LII	
  over	
  a	
  wide	
  field	
  of	
  view	
  presents	
  challenges	
  

•  Jet	
  flame	
  width	
  >	
  60	
  mm	
  
•  Much	
  larger	
  than	
  beam	
  waist	
  
•  Laser	
  sheet	
  thickness	
  varies	
  	
  

•  Measurement	
  volume	
  size	
  
•  Laser	
  sheet	
  fluence	
  (J/cm2)	
  
•  LII	
  calibraDon	
  response	
  

•  AbsorpDon	
  of	
  laser	
  sheet	
  energy	
  
by	
  soot	
  could	
  be	
  25%	
  or	
  more	
  	
  

•  “Plateau-­‐level”	
  LII	
  is	
  required!	
  
•  Dependent	
  on	
  beam	
  profile	
  

•  VaporizaDon	
  losses	
  @center	
  
•  Increased	
  contribuDon	
  from	
  
edges	
  



A	
  plateau	
  level	
  response	
  was	
  confirmed	
  across	
  the	
  
full	
  field	
  of	
  view	
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LII	
  signal	
  was	
  calibrated	
  to	
  soot	
  fv	
  in	
  a	
  laminar	
  diffusion	
  flame	
  

•  Santoro-­‐type	
  C2H4	
  laminar	
  
flame	
  

•  Light	
  exDncDon	
  measured	
  
@1064	
  nm	
  using	
  apertured	
  
laser	
  sheet	
  

•  Compared	
  to	
  LII	
  signal	
  
monitored	
  simultaneously	
  

A 

fiigure 7. Photographs of steady methane, ethylene, and JP-8 surrogate coannular flames. 

Liquid Fuel Coannular Burner 
There have been few studies of liquid-fueled laminar jet diffusion flames. The vaporizer and 
burner assemblies that have previously been designed have generally used a diluent carrier gas 
(usually nitrogen) to sweep the fuel vapor out of a heated vaporization unit before pyrolytic 
reactions begin to occur in the hot fuel vapor. Those systems employing aromatic fuels have 
required special sealing materials in heated vapor delivery lines, with the vaporizer and delivery 
system placed in a fume hood. The difficulty of handling hot fuel vapor increases with the 
temperature required to vaporize the fuel. In our case, the top end of the kerosene distillation 
curve is approximately 300 "C (Ekidings et al., 2004), posing daunting requirements for sealing of 
a heated fuel delivery line. To circumvent these difficulties and eliminate the need for a fuel line 
ventilation system, we decided to use a novel ceramic, capillary force vaporization system and 
attach it to the bottom of the fuel tube in the coannular burner (Fig. 8). The vaporizer is 
manufactured by Vapore, Inc., based in Richmond, California, that specializes in vaporization of 
practical hydrocarbon fuels. The vaporizer base unit itself is not designed to operate correctly at 
elevated temperatures, so we implemented an insulating seal between the heated fuel tube and the 
base unit and attached a heat dissipation fin section, with attached fan, to the bottom of the base 
unit (Fig. 8). The fuel tube is heated by a coil heater to 350-380 "C, well above the upper limit of 
the distillation curve, to maintain the evaporated fuel in the gas state. 

r'igure 8. Photographs of (a) capillary force vaporizer, with fuel vapor jetting from central 
hole, (b) vaporizer unit attached to bottom of burner, with cooling fins and fan, 
(c) fuel tube, with coiled heater and sidearm connection, and (d) assembled 
burner, with model airplane piston attached to modulate fuel flow. 
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I
Io

= exp −
Ke fv
λ

L
⎛
⎝⎜

⎞
⎠⎟  fv =C SLII

  

C=− λ
Ke

log I Io( )
SLII x( )0

L
∫ dx

•  Translate	
  burner	
  to	
  find	
  
spaDal	
  dependence	
  of	
  C	
  



Single'Shot+ Mean+ RMS+

2-­‐D	
  Soot	
  fv	
  Imaging	
  Results	
  

•  2000	
  single-­‐shot	
  
images	
  

•  6	
  panels	
  each	
  7.7D	
  in	
  
height	
  

•  In-­‐plane	
  resoluDon	
  =	
  
124	
  μm	
  

•  Out-­‐of-­‐plane	
  
resoluDon	
  ~200-­‐450	
  
μm	
  

•  Intermicent	
  
turbulent	
  
fluctuaDons	
  

•  High	
  probability	
  of	
  
zero	
  soot	
  (black)	
  

•  Peak	
  fluctuaDons	
  of	
  
1-­‐3	
  ppm	
  

Incep&on(

Growth(

Oxida&on(



2-­‐D	
  Soot	
  fv	
  Imaging	
  Results	
  
Single'Shot+ Mean+ RMS+

•  Peak	
  centerline	
  mean	
  fv	
  =	
  0.35-­‐0.37	
  ppm	
  
•  20%	
  lower	
  than	
  measured	
  by	
  Shaddix	
  et	
  al.	
  
•  Signal	
  trapping	
  correcDon	
  to	
  be	
  made	
  (~12%)	
  



Soot	
  Probability	
  DensiDes	
  

•  AddiDonal	
  LII	
  measurements	
  
conducted	
  in	
  soot	
  growth	
  zone	
  

•  ODT	
  soot	
  producDon	
  term	
  calibrated	
  
to	
  growth-­‐zone	
  LII	
  

Soot	
  OxidaDon	
  Region	
  
z/D	
  =	
  160-­‐205	
  

•  “Clipped”	
  pdfs:	
  Peak	
  at	
  zero	
  from	
  
high	
  soot	
  intermifency	
  

•  Secondary	
  maxima	
  in	
  ODT	
  results	
  
at	
  500-­‐750	
  ppb	
  

•  ODT	
  results	
  exhibit	
  soot	
  growth	
  for	
  
z/D	
  up	
  to	
  200	
  

•  Taller	
  flame	
  in	
  ODT	
  simulaDon	
  

Soot	
  Growth	
  Region	
  
z/D	
  =	
  70-­‐112	
  



fs/ps	
  CARS	
  spectra	
  at	
  jet	
  centerline	
  

-0.4
-0.2

0

0.2
0.4
0.6
0.8

1
Data Theory Residual

T = 1885 K
O

2
/N

2
 = 1.3%

-0.4
-0.2

0

0.2
0.4
0.6
0.8

1

100 150 200 250 300
Raman Shift (cm-1)

T = 1245 K
O

2
/N

2
 = 15.7%

-0.4
-0.2

0

0.2
0.4
0.6
0.8

1
T = 877 K
O

2
/N

2
 = 20.9%

-0.4
-0.2

0

0.2
0.4
0.6
0.8

1

50 100 150 200 250 300
Raman Shift (cm-1)

T = 585 K
O

2
/N

2
 = 22.0%

C
A

R
S

 In
te

ns
ity

 (a
rb

. u
ni

ts
)

(a)

(b)

(c)

(d)

Single-Laser Shot Spectra 

“Hot” Channel “Cold” Channel 

•  Mean	
  soot	
  volume	
  fracDon	
  at	
  centerline,	
  fv	
  =	
  0.35-­‐0.5	
  ppm	
  
•  FluctuaDons	
  in	
  excess	
  of	
  1	
  ppm	
  
•  Challenging	
  hydrocarbon-­‐rich,	
  sooDng	
  environment	
  for	
  diagnosDcs	
  
•  FracDon	
  of	
  valid	
  spectra	
  generally	
  96%	
  or	
  greater	
  



RotaDonal	
  CARS	
  Mean	
  and	
  RMS	
  Temp./O2	
  Profiles	
  

Incep&on(

Growth(

Oxida&on(

•  Data	
  from	
  separate	
  days	
  spaced	
  over	
  1	
  month	
  
apart	
  

•  Results	
  obtained	
  in	
  1-­‐cm	
  (z/D	
  =	
  3.1)	
  verDcal	
  
increments	
  

•  Soot	
  oxidaDon	
  zone	
  z/D	
  =	
  127-­‐175	
  invesDgated	
  
•  Lifle	
  verDcal	
  variaDon	
  in	
  profiles	
  



Temperature/O2	
  Probability	
  DensiDes—Radial	
  Dependence	
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• 	
  Centerline	
  T	
  ~	
  1400-­‐2200	
  K	
  

• 	
  Intermifent	
  O2	
  fluctuaDons	
  
at	
  jet	
  centerline	
  

• 	
  TransiDons	
  to	
  uniform	
  
distribuDon	
  in	
  peak	
  
mixing	
  zone	
  

• 	
  Intermifent	
  T	
  fluctuaDons	
  
at	
  jet	
  edges	
  –	
  “clipped”	
  pdf	
  

• 	
  TransiDons	
  to	
  bi-­‐model	
  
pdf	
  w/	
  uniform	
  region	
  in	
  
peak	
  mixing	
  zone	
  

• 	
  Intermifent	
  O2	
  
fluctuaDons	
  at	
  jet	
  edges	
  



T/O2:	
  Comparison	
  to	
  ODT	
  SimulaDon	
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•  Results	
  for	
  z/D	
  =	
  175	
  (soot	
  
oxidaDon	
  zone)	
  

•  Taken	
  near	
  jet	
  centerline	
  

•  Scafer	
  points	
  =	
  single	
  
realizaDons	
  

•  Lines	
  =	
  mean	
  temperature	
  
condiDoned	
  on	
  O2/N2	
  

•  Mean	
  of	
  ODT	
  within	
  1-­‐2%	
  
of	
  CARS	
  measurements	
  for	
  
O2/N2	
  =	
  6-­‐20%	
  

•  O2	
  detecDon	
  limit	
  is	
  O2/N2	
  
about	
  3%	
  

•  Hot-­‐	
  and	
  cold-­‐channel	
  
data	
  temperatures	
  agree	
  
to	
  1-­‐2%	
  for	
  O2/N2	
  =	
  
12-­‐20%	
  



Summary	
  and	
  Conclusions	
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•  We are currently measuring T/O2/fv in a canonical sooting turbulent jet flame 

•  A two-channel fs/ps rotational CARS instrument has been successfully 
implemented for extended dynamic range 

•  Generally 96% or more valid laser shots in intermittent, turbulent 
environment 

•  Limited systematic error between two detection channels 
•  LII soot imaging has been implemented over a wide field of view 

•  Plateau-level response achieved throughout 
•  Spatial variation of LII response accounted for 

Measurement	
  Science	
  

•  Multi-parameter data obtained in soot-oxidation region of the jet flame 
•  Mean, rms, pdf results presented here 
•  ODT simulations calibrated to soot-growth-region LII measurements 
•  ODT T/O2 correlation predicted by ODT to 1-2% over a wide range of O2/N2 
•  ODT soot fv ~25% greater in soot oxidation region 

Combus)on	
  Science	
  and	
  Code	
  Valida)on	
  



What’s	
  next?	
  

•  Whats next? 
•  Pressure measurements—monitor 

collisions on ps scales 
•  Vibrational fs/ps measurements for 

propellants 
•  Rocket motor plumes 
•  2-D CARS imaging w/ soot LII 



C2H4/air	
  McKenna	
  flame	
  results	
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Single-­‐Shot	
  at	
  1	
  kHz	
   •  Spectra	
  acquired	
  for	
  fuel-­‐lean	
  to	
  rich	
  soo)ng	
  flames	
  
•  High-­‐quality	
  fits	
  observed	
  for	
  f < 1 
•  Systema)c	
  bias	
  toward	
  “underfit”	
  of	
  isolated	
  lines	
  for	
  

fuel-­‐rich	
  flames	
  
•  Ficed	
  temperature	
  appears	
  to	
  be	
  robust	
  
•  Reliable	
  spectra	
  obtained	
  in	
  soo)ng	
  regions	
  of	
  the	
  

flame	
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Second-­‐Harmonic	
  Bandwidth	
  Compression	
  (SHBC)	
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800	
  nm	
  
180	
  cm−1	
  

100	
  fs	
   400	
  nm	
  
3-­‐5	
  cm−1	
  

3-­‐6	
  ps	
  
	
  

Stretchers	
  

•  Commercial	
  device	
  (Light	
  
Conversion)	
  

•  Converts	
  fs	
  radiaDon	
  at	
  800	
  nm	
  to	
  
ps	
  radiaDon	
  at	
  400	
  nm	
  

•  GraDng	
  pulse	
  stretchers	
  
•  Phase-­‐conjugate	
  temporal	
  chirps	
  

imparted	
  upon	
  broadband	
  fs	
  pumps	
  
•  Sum-­‐frequency	
  generaDon	
  in	
  BBO	
  

( ) ( )2 ot t d dt tω ω ω+Δ = − Δ

( ) ( )1 ot t d dt tω ω ω+Δ = + Δ

1 2 2sfg oω ω ω ω= + =

~sfg d dtω ωΔ
( ) 1~sfg tω −Δ Δ

•  Output	
  linewidth	
  3.5-­‐4.0	
  cm−1	
  	
  

•  Conversion	
  efficiency:	
  35-­‐50%!	
  
•  Output	
  pulse	
  energy:	
  1-­‐1.4	
  mJ!	
  



Joint/Temperature	
  Soot	
  StaDsDcs	
  for	
  Emission	
  	
  

•  CARS system combined with LII soot 
detection 
•  Average soot in 10−5 cc CARS volume 
correlated with enthalpy-pooled temperature 
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Radiative Transfer Equation 
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