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Digital in-line holography (DIH) ()&

Laboratories

Daniel R. Guildenbecher

Diffraction images are numerically
refocused to revel the 3D particle field

= Unique image processing automatically
measures the size, 3D position, and 3C
velocity of all particles within a volume

= Provides rapid quantification of size-
velocity statistics
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Aluminum drop combustion in propellants ()&

Laboratories
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Propellant: solid-rocket propellant pressed into a pencil size strand

=  Combusts from the top surface down, ejecting molten aluminum particles
traveling a few m/s

Laser: Continuum Minilite Nd:YAG, 532 nm wavelength, 5 ns pulse duration
Camera: sCMOS from LaVision at 15Hz

Lens: Infinity K2 long distance microscope with CF-4 objective

= ~ 6X magnification




Aluminum drop combustion in propellants () &

Laboratories
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Aluminum drop combustion in propellants (i)

Laboratories

Algorithms automatically measure unique features of burning aluminum
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Aluminum drop combustion in propellants ()&

Laboratories
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Three strand burns = 5594 images ES - T o350
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particles ejected from the surface of a burning propellant @ Sandia
captured with 3D holographyzs = 0.00 mdl

Recorded at
20,000 fps
Camera: Photron
SA-Z
Laser: Coherent
Verdi V6

43,684 frames 2>
15,991 measured
drops
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Motivation )

http://www.cbsnews.com/news/rocket-crash-no-immediate-threat-to-station-but-cause-is-unknown/ Color video of burning propellant

Copyright © 2014 CBS Interactive Inc. and NASA TV.
Reproduced for educational purposes only under fair use.

Problem:

= Rocket failures can lead to propellant fires

= Aluminum agglomeration at the surface yields large reacting drops with high
damage potential

= Prediction requires knowledge of particle size, position, and temperature
Goals:

=  Making measurements in real propellant sticks
=  Measuring the size of small particles that are out-of-focus



Approach ) e,

High speed video of burning propellant
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= Particle Size and Position? Digital In-Line Holography (DIH)
= Particle Velocity? Double Frame DIH or High Speed DIH
= Particle Temperature? Two-Color Imaging Pyrometer

= Gas Temperature and Composition? Coherent Anti-Stokes Raman Scattering (CARS)
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High Speed Pyrometry Setup ) .
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» High speed or double-pulsed DIH systems have been developed

+ CW 532 nm laser for high speed system

» Three high speed Photron SA-Z cameras were used for this experiment sampling at 100 kHz

» Pyrometry cameras had exposures of 2.5 to 15 microseconds for the 700 and 905 nm cameras respectively

* LL — Laserline filter at 532 nm with bandwidth of 1 nm (Andover 532FS02-50)

* D1 - Beam splitter, reflection @ 532 nm and transmission @ 650 to 900 nm

» D2 - Beam splitter, reflection @ 650 to 750 nm and transmission @ 850 to 950 nm

« 700 and 905 nm filters with FWHM of 10 nm 11




Digital In-Line Holography 1) .

Light propagation is described by the diffraction integral equation:

- jkr

E(x,y,z) HE(f n,z= O) d.§d77 where: r=\/(§—x)z+(77—y)2+z2

E(x,h,0) = complex amplitude at hologram plane = h(x,h)-E,
E(x,y,z) = refocused complex amplitude at optical depth z

Raw Hologram Refocused Hologram

Propellant Surface




High Speed DIH ) i,

Recorded at 20,000 fps on Photron SA-Z with Coherent Verdi V6 Laser

particles ejected from the surface of a burning propellant
captured with 3D hologra[{g = 0.00 mdtl
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reconstructed orthogonal view
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D. Guildenbecher et. al., Applied Optics Vol. 55 (11), 2016. 13




Aluminum Particle Size Statistics ) &=,
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=  Particle number PDFs and particle volume PDFs can be measured using DIH

= Increasing initial propellant stick temperatures can change the size distribution of agglomerated particles.
Lower initial propellant stick temperatures show more agglomeration with larger particles.
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Velocity Measurement @ &=

Raw Hologram
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Two-Color Pyrometer ) .
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Temperature Measurement iL
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Temperature Statistics ) &5
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+ Pyrometry measurements can only be used to directly measure projected temperatures which include
the absorption and radiation effects through hot oxide smoke clouds

* Inverse Abel transforms are difficult to apply to out-of-focus particles

« Simulation of surface temperatures are therefore corrected with a forward Abel transform to
effectively capture the projection effects of absorption and radiation (similar to a model-based

weighted average through the flame), thereby allowing measurements and simulations to be
compared.
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High Speed Pyrometry Videos 1) .

Refocused Hologram Temperature Estimate

3000

-1 2500 §
]
2000
1500
* These preliminary data show refocused DIH and calibrated (against 3200K black body) temperature
estimates of the particles as they lift off the surface
» The particles on the surface can be seen getting hotter and developing oxide clouds as they leaving
the surface
20
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Preview i) o

= Background
= Sandia applications in “hostile” environments

= Nanosecond CARS detection in particle-laden flames

= Ultrafast (fs/ps) Rotational CARS

m Successful application to metallized propellant flame

= Propellant burn experiment
= Behavior of CARS spectra with probe delay
= Temperature/oxygen statistics

mConclusion and future work
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DOE strategic systems safety
DoD/WFO applications
Challenging environments

* Large-scale

Heat, blast, particulate
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http://abcnews.go.com/Technology/Travel/wireStory?id=3529012
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Metallized Propellant Combustion

WE U
* Metal burn represents an extraordinarily \ \ w\\\‘ IS

hostile environment for laser diagnostics
= Very high temperatures — T > 3000 K!
= High luminosity

= Scattering
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Metallized Propellant Combustion @

= Metal burn represents an extraordinarily
hostile environment for laser diagnostics

= Very high temperatures — T > 3000 K!
= High luminosity
= Scattering

03’12'85'l'-g§ i:)) 1 CAORS% :
ol \. Probe®Beam%
2oel o * Previous gas-temperature
§ measurements with ns CARS were
g | unsuccessful
z * Metal-particle-induced
o) o breakdown/plasma formation

« Disastrously high levels of
Y T T nonresonant background
472 473 474 475 476

WAVELENGTH. (nm) * Similar to previous work in coal
ns CARS in coal combustion (Beiting, 1985) combustion (Beiting, 1985)
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fs/ps Rotational CARS processes M.
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fs/ ps Rotational CARS processes (M.
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fs/ps CARS instrument
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Second-Harmonic Bandwidth Compression (SHBC) (),

e Commercial device (Light _CL

800 n =
Conversion) _15 |§ n
180 cm y (L |

* Converts fs radiation at 800 nmto 100 fs %C\‘L B;o’—f 400 nm

- -1
ps radiation at 400 nm 3-5¢cm

Stretchers 3-6 ps

e Grating pulse stretchers

* Phase-conjugate temporal chirps
imparted upon broadband fs pumps = . o) (1+A1) = 0, —(dw/dt) At

* Sum-frequency generation in BBO

Ao, ~(At)_1

Frequency (cm

o (1+At) = o, +(dw/dt)At
« Conversion efficiency: 35-50%! Time (ps)
e Output pulse energy: 1-1.4 mJ!
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AP Propellant Strand Burner Experiments L

* Aluminized ammonium-perchlorate (AP) propellant
strands
* Hostile environment for diagnostics
* Very high temperatures — over 3,000 K!
* Large molten-metal particles 10-100 um
* Significant levels of smoke
* Particle size distribution measured by digital inline
holography (Guildenbecher, Sandia)

Refocused DIH Hologram and Al Particle Video Recorded During CARS
Size Distributions (Guildenbecher et al., Measurements

m— A\ nn| Opt, 2016)




AP Propellant Strand Burner Experiments

* Aluminized ammonium-perchlorate (AP) propellant
strands
* Hostile environment for diagnostics
* Very high temperatures — over 3,000 K!
 Large molten-metal particles 10-100 um
e Significant levels of smoke
* Particle size distribution measured by digital inline
holography (Guildenbecher, Sandia)
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Refocused DIH Hologram and Al Particle Video Recorded During CARS
Size Distributions (Guildenbecher et al., Measurements
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Advantages of ultrafast CARS for metal-burn problems L

* Low total pulse energy
e ~1mlJorless
* Factor of ~“40-100 lower than with ns laser pulses
* Reduces the likelihood of breakdown-type interference
* Time-gate elimination of nonresonant background
* Nonresonant signal arises from response of electrons to fs forcing

* Fast decay (fs)
* Raman-resonant signal results from much slower, nuclear response
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Single-laser-shot spectra )

Data — = Theory Residual
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CARS Results from Propellant Burns L

/(-D\ Data — =— Theory Residual
* Results for CARS measurements within S 08f T=3014K
3 mm of propellant surface shown § 06p O/MN,=141%
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Conclusion and Path Forward ) S,

» We have successfully applied fs/ps rotational CARS in an aluminized AP
propellant flame at lab scale

e Large-scale, 10-100 ym aluminum and temperatures as high as 3,000 K
make this a challenging measurement environment

» Time delayed probing results in elimination of intense nonresonant
background, presumably arising from particle-enhanced breakdown

« No loss of Raman-resonant signal!
« Temperature/O, statistics within 3-10% of adiabatic equilibrium

What’s next?

e Switch to vibrational CARS for improved high-temperature sensitivity
* Higher signal levels

* Improved axial spatial resolution

* 1-Dline imaging




AP Propellant Strand Burner Experiments )

Laboratories

* Aluminized ammonium-perchlorate (AP) propellant strands
* Hostile environment for diagnostics
* Very high temperatures — fluctuations over 3,000 K!
* Dense field of large molten-metal particles 10-100 um
* Particle size distribution measured by digital inline
holography (Guildenbecher, Sandia)
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