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L2 Milestone Language

‘Document experimental methodology and results of joint
temperature and soot experiments, and determine the spatial
resolution and uncertainty of the measurements. Joint statistical
results from jet-flame and pool fire measurements. Documentation in
Journal article (Combustion and Flame); AIAA conference papers, and
conference presentation slides”

LASER-DIAGNOSTIC MAPPING OF TEMPERATURE AND SOOT
STATISTICS IN A 2-m DIAMETER TURBULENT POOL FIRE

Sean P. Keamey” and Thomas W. Grasser
Engincering Sciences Center
Sandia National Laboratories

Albuquerque, NM 87185 USA

Submitted to Combustion and Flame

Abstract

We present spatial profiles of temperature and soot-volume-fraction statistics from a sooting 2-m
base diameter turbulent pool fire, buming a 10%-toluene / 90%-methanol fuel mixture. Dual-pump
coherent anti-Stokes Raman scattering and laser-induced incandescence are utilized for simultaneous
point measurements of temperature and soot. The rescarch fuel-blend used here results in a lower soot
loading than real transportation fuels, but allows us to apply high-fidelity laser diagnostics for spatially
resolved measurements in a fully turbulent, buoyant fire of meter-scale base size. Profiles of mean and
rms fluctuations are radially resolved across the fire plume, both within the hydrocarbon-rich vapor-
dome region near fiel pool and higher within the actively buming region of the fire. The spatial
evolution of the soot and temperature probability density functions is discussed. Soot fluctuations
display significant intermittency across the full extent of the fire plume for the rescarch fuel blend used.
Simultaneous, spatially overlapped temperature/soot measurements permit us to obtain estimates of joint
statistics that are presented as spatially resolved conditional averages across the fire plume, and in terms
of a joint pdf obtained by including measurements from multiple spatial locations. Within the actively
burming region of the fire, soot is observed to occupy a limited temperature range befween ~1000—

2000 K. with peak soot concentration occurring at 1600-1700 K across the full radial extent of the fire

* Corresponding author, email: spkearn77@gmail com: +1-505-934-3669; PO Box 5800, Mail Stop
0826, Albuquerque, NM 87185, USA.

Hybrid fs/ps Rotational CARS Temperature and Oxygen
Measurements and Soot LII Measurements in a Turbulent
C,H,-Fueled Jet Flame
Sean P. Keamey', Kathryn N.G. Hoffmeister’, Daniel R. Guildenbecher’, Caroline Winters*, Thomas W Grasser’

‘and Jobn C. Hewson®
‘Sandia National Laboratories, Albuquergue, New Mexico, 87185

“rprﬂmll detailed from a piloted, ti fueled
jet lame. Hy i i Stokes R teving (CARS) s
whi s applied

for imaging of the soot volume fraction n the challenging jet-flame environment at Revnolds
number, Re = 20,000. A new dual-detection channel CARS instrument provides the
enhanced dynamic range required in this highly intermittent and turbulent emvironment.

variation in the soot-volume.fraction response of the instrument.

are used to illustrate the mean and rms statistics, as well as probal

Sesiel SN A s sl prets g o G2 e R etk

the soot source r one-dimensional rurbulence (ODT) modeling of this furbulent

e The ODT code b th e fo predict temperature, oxygen and soot fuctations
‘within the soot oxidation region higher in the flam|

L Introduction

Radiative heat transfer & a

soot, making accurate soof modeling essential for fire risk analysis, as well as prediction of soot emission, and the

S CF el pivs: somention syshont T emalstion e o fames 1 pefer Wk
t

viding
shielding of the surroundings from. e kst Tosk o s pturd i et rsatir s through
the Tadiative ransfer equation (RTE),

aTad(T) -l [

In Eq. 1, the subscript A indicates the optical wavelength, while b indicates blackbody conditions at the local
temperatr, T, s (e rdition neosiy, i th abtoption coeficen o oot and s a spatial cordinte. Eq |
is a simple statement that the cl 5 radiation intensity along a line-of-sight path is equal fo emission mim
sbscpton (vben scaiein e gl

. experimentally ed sxshuion of Eq 1 is a requirement for accurate fire risk-assessment
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Two-Beam Femtosecond Rotational CARS for
One-Dimensional Thermometry in a
Turbulent, Sooting Jet Flame

‘Daniel Richardson", Sukesh Roy*
Spectral Energies, LLC, Beavercreak, OF, 45431

James Gord®
Air Force Research Laboratary, Wright Patterson Air Force Base, OH, 45433
Sean
Sandia National Laboratories, Albuguergue, New Mexico, 87185

Single laser shot femtosecond rotational coherent antiStokes Raman
scattering (fs-RCARS) temperature measurements are performed across a 3-
mm line in a turbulent, sooting ethylene jet flame to characterize
temperature gradients. A 60-fs pulse is used to excite many rotational
Raman transitions, and a 160-ps pulse is used to probe the Raman coherence.
The spatial resolution of the measurements is 670 ym in the direction of
beam propagation, 200 pm in the direction along the 1D line, and 50 pm in
the transverse direction. Measurements have been performed at multiple
locations in the jet flame, and the measured temperature are similar to
previously recorded point measurements.

1L Introduction
oot is an important aspect in many combustion applications. Particularly, soot plays 2
‘major role in radiation, which can impact engine hardware and combustion performance in
boilers, fumaces, and ofher combustion devices. Additionally, soot had an adverse effect
on the environment and human health. To better understand the role of soot, one-dimensional
e measurements are performed in 2 canonical, urbuleat, sooting ctylene jet fame
using laser-induced (LID™ and point

Coherent anti-Stokes Raman scattering (CARS) has been used for temperature, pressure, and
species concenlration measurements in gas-phase seacting and nonrcacting flows. for many
decades** and more recently with ultrafact laser sysrans“ ‘Two distinct advantages of ultrashort-
pulse CARS are the high peak-energy of the femiosecond (fs) and picosecond (ps) pulses which
efficiently drive the Rzmz.u cxcnahm pmms and allow for 1D’ or 2D* measurements, and the

stable, of th greatly reduces shot-t
in the CARS signal. chr.ml i and improvements o ulsirashort-pulse CAKS fechniques
1 Re -h Engir 45431_ATAA

2 CEo, ‘Beavercreekc OH, 45431, AIAA

3 Principal Research Chertist, 2130 Eighth St, WPAFB. OH 45433, AIAA Fellow.
4 Dist Menber of Technical Staff. Sciences Center, PO Box 5800/Mail Stop 0326,
Albuquerque, NM, 87185, ATAA Associate Fellow.
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FY17 Q2 WSEAT
Fire Dynamics: Predicting Smoke from Fires

Sean Kearney, 1512, Portfolio Lead and PI, Task No.: 20.30.11
Current Efforts and Progress

Jet Flame

= Soot measurements throughout flame for C,H, and
C,H,/C;Hg mixtures

" Temperature measurements at peak soot load in C,H,
flames

= Joint temperature/soot measurements at peak soot
load (spatially resolved)

Pool Fire

= Performed detailed analysis of existing 2-m pool fire
data for joint temperature/soot statistics (coarser
spatial resolution)

= Submitted manuscript to Combustion and Flame with
T/soot and joint T/soot statistics throughout the fire
plume

Re = 20,000

C,H, jet %ne



Sanda
Soot radiative heat flux is the dominant risk driver in fire environments Flly) tons

Radiative Transfer Equation (RTE)
dl;, ———— —
— = I T) — I
oo l,b( ) HA L2

A emission absorption

I, ,(T) =blackbody at temperature, T

1y =%g(n,k) = soot absorption coeff.

= Turbulent flame is an assembly of
strained and wrinkled flame sheets

= Direct validation of RTE and heat-
transfer models require
= Temperature and soot
measurements
= Time- and space-resolved

Fuel
+Prod

Qq Air




fs/ps Rotational Coherent anti-Stokes Raman scattering | ;"-:"f";u

= Temperature/O2 detection Collimating Lens

;

» High-spatial and temporal
resolution PROBE VOLUME

= Developed under RTBF/TRP and Focusing
now leveraged for measurements Lens
on C6/WSEAT

“A
» Distinct advantages for sooting, 2
fuel-rich flames 8
@
= Enhanced precision ~ 1% c l ’
£
» Enhanced data rates from 10 Hz s | | | 1| ’
to 1 kHz T|me (ps)
1 B e e | e e e e e e e
0.8 [$=072 0g =078
0'6§T=1973K 06:T=2133K
04 ;02/N2=7.8 | 04 02/N2=5.9%
02 E (U 02 &
0 & 0 &
0.2k j-0.2 |
:||||I||||I||||I||||...-04:|||I||||I||||I||||...
50 100 150 200 250 300 50 100 150 200 250 300
Raman Shift (cm'1) Raman Shift (cm'1)



Laser-Induced Incandescence (LII) (@&,

e Nd:YAG laser at 1064 nm

* Rapid heating of soot particles t’ i . \

-

above background Detector” /i

* For nm-scale soot primary particles

3
Sy~
Detection w/ICCD 30-ns gate

Direct imaging of soot f,

P.E. Bengtsson
Lund University

— LIl signal 0.13 Jicm2
(/)] _ 0.25J cm2
:.é 600 L g 5500 [ — — T — 0.38 J/cm2
:f 500 T =5000 K ] & 5000 - . 0.51 Jiom2
% ] |:_) : '.’,’ NS 0.64 Jicm2
~ 1000 X T = 1400 K 1 4500 - N .0 - 0.76 Jicm2
= 400 ; z '
2 o 4000 -
3 5 5500
£ 300 K 3500 -
L L r

= 3000 ¢
© 200 C;J i
£ T = 4000 K X 2500 -
(D) r
|'E 100 T =3500 K . ?_; 2000 ‘: LASER PULSE SHAPE
8 oML S 1500
o) 0 20 40 60 80 100
N 200 400 600 800 1000 1200

Wavelength (nm) TIME (ns)



Sooting Ethylene Jet Flame at Re = 20,000 (@Y=,

* Sandia CRF design (Shaddix) \

* Pilot-stabilized canonical
turbulent jet flame: Re = 20,000

* Soot/smoke yield can be varied
by vitiation, dilution, or fuel type

* Baseline case = pure C,H, fuel

* Also investigating 25% and 50%
C;H, addition
LIl measurements have been

performed by Shaddix et al.
(SAND2010-7178)

* Max soot f, ~ 0.55 ppm, jet-fuel
pool fire is ~ 1 ppm




Rotational CARS Mean and RMS Temp./O, Profiles =
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* Data from separate days spaced over 1 month
apart Inception

* Results obtained in 1-cm (z/D = 3.1) vertical
increments

* Soot oxidation zone z/D = 127-175 investigated
 Little vertical variation in profiles



Temperature/O, Probability Densities—Radial Dependence i\ ::m

210°
7 1510° * Centerline T~ 1400-2200 K
= 110°f . .
Ry * Transitions to uniform
a : distribution in peak
> .3 " . .
£ 20 mixing zone
Q15107
o : . .
x 1107 * Intermittent T fluctuations
510" ; 1 atjet edges — “clipped” pdf
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T/0,

2000
< 1500
o
-]
©
(D)
o
g 1000
|_
—— CARS Hot Channel
500 L — CARS Cold Channel
- —— ODT Simulation
| L | L | L | |

O 004 008 012 0.16 0.2
02/N2 Ratio

P R R N N B!
0.24 0.28

: Comparison to ODT Simulation

th

Results for z/D = 175 (soot
oxidation zone)

Taken near jet centerline

Scatter points = single
realizations

Lines = mean temperature
conditioned on O,/N,

Mean of ODT within 1-2%
of CARS measurements for
0,/N, = 6-20%

O, detection limit is O,/N,
about 3%

Hot- and cold-channel
data temperatures agree
to 1-2% for O,/N, = 12-
20%




Mean soot-volume-fraction results &=

Soot Volume Fraction (pll:’m) Soot Volume Fraction (p?m) Soot Volume Fraction (pll:’m)

» At request of Sandia modeling 200
community, additional fuel
blends were added for LIl soot
measurement

200 200

0.9 0.9

180 180 180

0.8 0.8

* Mass flow held constant (Re ~
const.)

160 0.7 160 @ 0.7 160 0.7

* Fuel 1: C,H, (base condition)
* Fuel 2: 25% C4Hgz by mass e
* Fuel 3: 50% C5;Hgz by mass

-10.6 0.6 -10.6

140 140

x/d
x/d
x/d

—0.5 =1 0.5 -10.5

120 120 120

While useful, these data
provide details of temperature
and soot concentration alone.
The joint statistics are 80
required to model the soot

radiation source term!

100 100 100

80 80

5 0 5 5 0 5
rid rid

Pure C,H,  25%CsH;  50% CiH,




Soot fluctuations ) foim

Soot Volume Fraction RMS&P;I‘H) Soot Volume Fraction RMSJpg:m) Soot Volume Fraction RMSépg)m)

» At request of Sandia modeling 2w 200 200 L
community, additional fuel . ; 3
. 0.45 | . 0.45
blends were added for LIl soot bs § o 4 :
180 180 =+ T8 = 180 |- .
measurement ; :
0.4 0.4 | |04
» Mass flow held constant (Re ~ wHS €73
const.) | 1 ey S8t teof
- ; 1/-0.35 ,” "% -0.35 -10.35
* Fuel 1: C,H, (base condition) :
« Fuel 2: 25% C3;Hg by mass ™ Los < f 1. 2T .
* Fuel 3: 50% C5;Hgz by mass |
Famotangn . ‘ 120f k- 1|02 10.25 120 1025
ED' 100 0.2 0.2 100 0.2
i 0.15 0.15 b 0.15
80 sofk
0.1 0.1 0.1
5 0 5 5 0 5 5 0 5
P pe 2 rid rid rid
Centerline Soot Concentration Pure C,H, 29% C3He 90% C sHy




Soot Probability Densities ) g,

----- ODT, z/D =77, mean fv=0.11 ppm ——LIl, z/D =77, mean fv =0.11 ppm
----- ODT, z/D = 87, mean fv = 0.14 ppm LIl, z/D = 87, mean fv = 0.16 ppm
----- ODT, z/D = 97, mean fv = 0.19 ppm —LIl, z/D = 97, mean fv = 0.21 ppm

----- ODT, z/D =107, mean fv = 0.26 ppm LIl, z/D = 107, mean fv = 0.26 ppm

10

 Additional LIl measurements
conducted in soot growth zone

* ODT soot production term calibrated
to growth-zone LlII

Probability Density, ppm"I

z/D =70-112
0.1 R R B 1 W
107 10" 10°
Soot Volume Fraction, f (ppm)

——LII, z/D = 165 ——LII, z/D = 204
—LIl, z/D=173 ODT, z/D =161.7
u“ . ” —LII, z/Di 180 ODT, z/D f 178.3
 “Clipped” pdfs: Peak at zero from b o AR

high soot intermittency

e Secondary maxima in ODT results
at 500-750 ppb

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

 Taller flame in ODT simulation o1 |
10”

Y
o
LY 7

Probability Density, ppm'1

Soot Volume Fraction, fv (ppm)



Height Above Burner, z/D

-10

“?\ L‘J 11,2

Radial Position, r/D

, (PpmM)
2

1.8
1.6

1.4

f

mittent quantity ) e,

Oxidatio

Growth

Inception

Laboratories

2000 single-shot
images

6 panels each 7.7D
in height

In-plane resolution =
124 um
Out-of-plane
resolution ~200-450
um

Intermittent

turbulent
fluctuations

High probability of
zero soot (black)

Peak fluctuations of
1-3 ppm



Height Above Burner, z/D
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Radial Position, r/D

f
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Sandia
National
Laboratories

—LII, z/D =165
—LIl, z/D =173
—LII, z/D =180

—LII, z/D = 196

ODT, z/ID = 161.7
ODT, z/D =178.3



1-D Line CARS imaging system

Oscillator Locking Electronics

25 mJof 532 nm

th

1-D imaging scheme

60 ps at 20 Hz

| —

4.2 mJ of 800
50fs at 2 kHz

nm

developed by
Kliewer and Bohlin

1
<+
1
| t - 1mCL
800 nm < 300 mm CL
Stokes/Probe Beam 532 nm
Probe Beam

. e
<532 nm 1aging Lens —
CARS Signal
Spectrometer _ Periscope
| o |
| U |
50mmCL 2ndImaging Lens

'

—~> 500 mm CL

Shortpass filter

Shortpass filter

Two-beam, arbitrarily phase-
matched configuration

4-mJ, 50-fs, ~250 cm™ pump
pulse at 800 nm

57 mJ, 60-ps, ~0.48 cm™ probe
pulse @532 nm

RF locking of seed sources
Image measurement volume to
spectrometer slit

~6-mm long line

400 ym X 130 um X 50
um spatial resolution

Retter, Elliott, and Kearney, AIAA2017-0028




Sandia

Line CARS imaging results -- H2 flame @i

T (K)
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Spatially resolved joint T/f, measurements
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Line CARS imaging at WPAFB
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Joint CARS/LIl Temperature/Soot Data

Joint statistics of soot, T:

« Conditional averages

« Comparison to 0D RCARS data

from SNL

« Temperature-filtered PDF of soot

107}
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2-m Pool Fire Data )
« 2011 data campaign
 CARS temperature data at a “point”
* LII soot imaging
 CARS spatial resolution?
 10-mm X 0.1 mm
» Realistic fire plume size at 2 m

Lighter sooting toluene/methanol fuel

Soot LIl
large gradient

CARS beam crossing

532 + 557 nm

Soot LIl ##
small gradient



Sandia

Effect of finite CARS spatial resolution @ &=

* Resolved temperature along
CARS volume axis

« Rayleigh scattering in non-
sooting methanol fire

« Similar turbulence properties

 Modest gradients in
buoyancy driven fire plume

 Literature studies show T-ars
~ Tiermo fOr AT <1000 K




Pool fire temperature/soot statistics @&

Probability (K1)
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Individual pdf results throughout fire

Soot intermittency just as in jet flame

Kearney and Grasser, Combust. Flame (submitted), 2017.




Joint temperature/soot statistics

LIl Signal (counts)

15000} . r=gcm

12000
9000
6000

3000

4 E +3

1500 2000

T (K)

1000

S~ I

500

Average soot concentration
in 100-K wide CARS
temperature bins

Y =1.0 and 1.5 m above fuel
pool surface

Peak soot near 1600-1700 K

across wide range of
thermal environments




Joint temperature/soot statistics Y = 0.5 m

« “Vapor dome” region--
significant unburned
hydrocarbons

« Wider range of temperatures
observed when soot is
detected

Data scatter, but signal
persists into conditional
mean for O(100s) of samples




Joint Probability Density Function @&,
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Joint Probability Density Function @&,

10 - - T o006 600 K * Intermittent soot
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Consistency of Soot Conditional Means ([,

Pool Fire

2500+ H r=0cml

I Data points (*0.2)

2000

1500+ jet Flame

1000t R=0 _
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Both flames show peak soot near T
= 1600-1700 K

Both flames exhibit intermittent soot
fluctuations

Jet flame results away from flame
centerline should be analyzed
Consistency of results despite
difference in CARS spatial resolution g



Compare to literature data
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Sivathanu and Faeth, Combust. Flame 81, 150-165 (1990)

Laboratory buoyant turbulent flames
Soot pyrometry for Temperature
Light extinction for soot
Coarse spatial resolution

* 0.135 cm?3 (104 to 10-° cm? our work)
Soot temperature “spike” low in flame
Much broader range of soot temps
high in flame =
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Compare to literature data

Sivathanu and Faeth, Combust. Flame 81, 150-165 (1990)
Laboratory buoyant turbulent flames
Soot pyrometry for Temperature

Light extinction for soot
Coarse spatial resolution

* 0.135 cm?3 (104 to 10-° cm? our work)
Soot temperature “spike” low in flame
Much broader range of soot temps

high in flame
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wider range of soot

in soot “spike”
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Compare to literature data .. ==

« Mahmoud et al., Proc. Combust. o >
Inst. 35, 1931-1938 (2015) E -

* Turbulent C,H,/H, jet flame
* Highly spatially resolved imaging « —_ i
(L1I/PLIF) (©) 4e0 g

* High soot intermittency
* Low range of soot T low in flame
* Range of soot T grows with height __
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Compare to literature data ) e,

* Murphy and Shaddix, Comb. Sci. Tech. 178, 865-894 (2006)
« Soot pyrometry and light extinction

* 1-m diameter JP-8 pool fire

« Low soot intermittency in fire interior

« High intermittency at radially outward locations

* Increased range of soot temperatures high in fire

z=10m
2.5—




Soot intermittency (D}

* Henricksen et al., Combust. Flame 156, 1480-1492 (2009).
« Soot LIl in a 15-cm dia. JP-8 Pool Fire

* High soot intermittency

 Intermittency depends on both fuel type and fire size!
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Summary and conclusions )=,

* The joint fluctuations of temperature and soot determine
radiative emission in fire environments

« We have measured joint soot/temperature statistics in
both a 2-m liquid-fueled pool fire and a turbulent C,H, jet
flame. The spatial resolution of our measurements is
superior to earlier emission/absorption probes!

» Conditional means in both environments show peak soot
temperature near 1600-1700 K, with a range of
temperatures of about 1000 K

« Similar soot conditional means independent of CARS
spatial resolution




Summary and conclusions )=,

« Our measurements are in the actively burning regions of
these flames, lower soot temperatures would be
encountered at longer residence times

* Low soot temperatures observed in pool-fire vapor dome

« Soot intermittency is a well-known phenomenon and
depends on fire size and fuel sooting propensity

* Intermittency will differ in a large transportation-fuel fire
« Soot pdf will transition from log-normal to “quasi-normal”
* Unclear what the impact on soot temperature will be

« Our methodology for spatially resolved T/soot
measurements is well-developed. Would have liked a lot
more data from the jet flame!
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