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soot volume fractions, £, N5 X 10T

ABSTRACT

Carbon particulate volume fraction profiles and approximate particle
size distritutiors are measured in a free lami.iar combusting boundary layer
for several liquil hydrocarbon fuels and Di4IA {polymethylmethacrylate). A
multivavelength laser transmission technigue determines a most probable
particle radius and a total particle concentration, which are. the two un-
known parameters in an assumed Gauss size distribution. In the combusting
boundary layer, a sooting region exists between the pyrolyzing fuel surface

T

and the flame. The liquid fuel soot volume fractions range from fv n10T

5

for n-heptane, a paraffin, to £ % 10”

T

for toluene, an aromatic. The PMMA

, are approximately the same as the

“values previously reported for pool fires. - The soot volume fractions increase

slightly with downstream distance, while the standoff distance of the maxi-
mum in the fv profile appears to approach the converging streamline. Con-

vection of carbon particles broadens the soot region downstream. For all
fuels tested, a most probable radius between 20 nm and 50 nm is obtained
which -varies only slightly with distance both downstream or normal to the
fuel surface.’ - ‘



Tabie 1. Summary of fuel properties, sample geometries

2

and peak soot volurme fractions and size distributions

Fuel 3 r® D% sample Wave- (/1) (1/1) : £ x10% r N x 1077
P ©  Width length o'l °d v (Zi? ? -3
. cm
(em) pair, i-Jb
Licuids ,
Toluene 5.5 0.09 26 3 1-4 0.0043 ¢ .028 10 Ly 6.3
(c7 Ha)' ' 3 2.4 0.0012 0.0996 13 4s T.2
Cyclohexene 5.9 0.08 36 7 1-4 0.039 0.17 2.1 . 32 3.5 "
(c6 Hlo) T -2-h 0.10 0.25 1.9 31 3.5 (
Iso-octane 6.3 0.08 28 3 1-4 0.52 0.69 1.0 36 1.2 v
(c8 Hls) 7 1-4 0.21 0.46 1.3 25 4.5
15, 1-4 0.063 0.24 2.1 27 3.0
15 2-4 0.088 0.23 1.0 31 1.8
15 3-4 0.11 0.23 1.1 27 3.0
Cyclohexane 6.1 0.08 37 7 1-% 0.37 0.58 0.70 - 33 1.1
(c6 512) 15 1-4 0.15 0.35 0.67 32 1.1
n-Heptane 5.6 0.08 29 7 1-k 0.54 0.73 0.43 28, 1.0
(c7 Hls) ) 15 1-% 0.27 0.51 0.49 27 1.3
, 15 2-h' 0.39 0.55 0.36 35 0.46
Solid |
Polyrethyl- 1.5 0.22 5.1 16 1-% 0.38 0.63 0.39 23" 1.7
methacrylate, : : '

(cS Hg 02)n

& Calculated from properties listed in Perry (25), Obert (26), and Varaftik (27) for all 1liquid fuels and
from properties listed in Tewarson (28,29) for FMMA. ’ .

® 4 refers to A; &s listed in the caption of Fig. k.

INTRODUCTION

In rost building fires thermal radiation is the
dominant rmode of heat transfer. Carbon particles
within the flame are responsible feor most of this
emitted radiation and hence warrant guantification.
Since & small, burning, vertical wall provides a two
dimensional combusting boundary laver, which has been
previously modeled (1-3), this fire is chosen for
study. The volume fractions and size distributions of
the soot particulate zre determined using a multiwave-’
length leser transmission technique (4-8). In a
steady, laminar, coxbusting boundary layer a pyrolysis
zone separates a fleme zone from the fuel surface as
shown in Fig. 1. A layer on the fuel rich side of the
blue flame zone is yellow, which indicates the presence
of carbén particles. The width of the Yellow soot
layer increases with height. These measurements deter-
‘nine the soot volume fraction at different locations
within the corbusting layer for five liguid hydro-
carbon fuels and one solid fuel as listed in Table 1.

¥inchin (9) and Clarke, Hunter, and Garmer (10)
did early studies of the effect of fuel type on soot
formation in laminar &iffusion flemes. They increased
‘the height of a flame on a small, circular burner by
increesing the fuel flow rate until the flame enmitted
soot at its tip. This height is callled the smoke
height or smoke point. For comparing different fuels,
& lower smoxe point indicetes a greater amount of soot
fermation. FRecently, Classman and Tecsarino (11)
mensured spsko points to shew the importance of flame
Lemperulure in wddition to fuel structure. The results

»
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Fig. 1 Schematic diagrem of & steady, two dimenzional,

frre flow, laminur, combusting, dboundary layer on a
vertical pyrolyzing fuel slab.
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of the rresent experiment quantify the effect of fuel
type on the amount of soot produced by hydrocarbon
fuels. These results also provide experimental tases
for soot formation and destruction modeling by glving
detailed profiles of soot volume fractions within a
well characterized bcundary leyer.

Using & modified Schmidt Method technique,
Markstein (12) determined absorption-emission coeffiw
cients and volume fraction of soot in vpool Tfires.
Pagni and Bard (4-8) measured the volume fraction of

*'soot and particulate size distributions in pool fires.
Jagoda, Prado, and Lazhaye (13) measured local soot
$oncentrations by probe and laser light scattering and
wabsorption techniques in a candle-likxe diffusion flame.
With these previous messurements, the results of the
‘present study provide a comperison between soot volume
fractions in a pool fire and a free flow boundary layer
with the same fuel. Related exveriments for gaseous
fuels have been reported by Xent, Jender, and Wagner
(1), 2nd Haynes, Jander, and Wagner (15,16).

Sibulkin, Kulkarni, and Annazalai (17), Liu and
Shih (18) and Xinoshita and Pagni (19) recently in-
cluded radiation in models of a laminar cormbusting
boundary layer. These models require a xnowledge of
the soot volume fraction within the layer, which is
provided by the present study.

EXTINCTION ANALYSIS

The multiwavelength laser transmission technique
is based On an extinction analysis, the details of
_which are: descrited elsevhere (4-8), so only a brief
outline of the analysis end assunpiions is given here.
The trensmitted inteasity, I, of a monochromatic beam
through a polydisperse aerosol is related to the
initiel intensity, I° Yy

IA)/I (M) = exp (=T(AL), (1)

wvhere L is the bean pathlength. The aerosol spectral
extinction coefficient, T, is given by

T(A,m,r) ='[“ N(r) Q(A,m,r) mrldr (2)

©

where Q is the particle extinction efficiency from the
Mie scattering theory (gg) for spherical particles.
Calculation of the spectral extinction coefficient
requires knowledge of the optical properties of soot,
nm = n(l-ik), and the size distribution, N(r). The
values of the optical properties used here were de-
rived by lee and Tien (21) partly based on data ob-
teined by Bard and Pegni (5). . A Gauss size distribu-
tion with O/rm =1/2, ' '
7 3,, .4

N(r)/do = (27 r /2 r max) exp (-3 r/rmax) (3)

)

t2s assumed, where r i's the most probable radius,
and No is the total particle concentration. The
volume fraction of soot is defined dy’

(%)

v

o= %ﬂ [“ N(r) rar
o

vﬁich, with equation (3), gives s

Ly

£, = 2"
3

3 - 3
(1) N r max 18.62 L (s)

Measurements are made of the ratio of the transmitted
and initial intensities, I/Io, at two different wave-

lengths, superirposed over the same pathlength, L.
Substitutihg these measured values into equation (1)
gives two iniependent values of T, one at each wave-
length. These two T values give two inderendent egie-
tions (2) to determine the two unknowns in the size
distribution, N end r_ (4,5). The volume fraction

of soot is simply obtained from equation (5).

Since soot particles mey eglomerate in flcws with
long time scales, Lee and Tien (22) studied the effects
of particle shape onthe radiative characteristies of
a redium. From their calculations, considering
spherical and cylindrical particles as limiting cases,

. particle shape is important in the far infrared region.

Tor the visible wavelengths of these transmission
measurements and the near infrared region of most

flerme radiation, calculations based on spherical parti-
cles give satisfactory results.

EXPERIMERTAL METHOD

The éxperimental setup, which is shown in Fig. 2,.
is similar to that described by Bard and Pagni (4-8).
Two lasers are used: & Spectre-Physics Argon Ion

XBLSI3- 5398

Fig. 2 Schématic diagram of apperatus for sizmultaneous
miltiwavelength laser transmission measurerments.

in, LAJ. - Laser at Ai_or AJ

M ' - Mirror

B - -Beamsplitter

P -~ Prism

FL1 - Focusing léns #1 (f = 550 mm)

FL2 .- Focusing lens #2 (f = 250 mm)

FL3 - Focusing lens #3 (f = 200 mm)

FLY ~ Focusing lens #4 (f = 78 mm)

F - Bendpass filter (bandwidth = 30 A)
DTAi’ DTXJ - Detector for transmitted intensity
DRli’ DRAJ - Detector for reference intensity
0s -~ Output signal to amplifier and computer



tunnble laser rodel 1635, operating at either

A = 0.4579 um, C.L4880 um, or 0.5145 um, and a Spectra-
Physics Helium lleon laser model 125, ermitting at

A = 0.6328 um. After a cube beam splitter suzerirgoses
the two teams from the lasers, the beams pass through
the same physical space in the fire. A first simople
lens reduces the diameter of the beams in the fire. ,
After a second lens collects the transmitted light, an
equilaterial pris: separates th: two beams. Each bean
.passes through erother focusing lens and a narrow band
pass filter, tefore it strikes a laser power reter
(¥ewrort Research Corp., iodel 820). The beam splitter
provides a second beam from each laser, which is moni-
tored as a reference intensity by the same prism-de-
tector system. A PDP-11/34 microcomputer stores the
data, efter the outpvut signals from the detector pass
through a d.c. zmplifier and a (Digital Equiprent
Corp.) AR1l 16-channel, 10 bit, A/D converter. A
digital timer, with an adjustable period, triggers

the A/D converter to read the output signals of the
detectors.

The liquid fueled wick end the solid fuel, are
mounted in a sm2ll, vertical wall which is bolted to a
milling table. The inert wall is made of Marinite-XL
(Johns-tanville Co.), and its width snd height are
0.5 m. The wick, ceramic fiber board (Fiberfrax Hot
Board, Carborundum Co.), has its front surface flush’
with the inert wall surface. With aluminum foil
around the hidden surfaces of the wick, the inert wall
does not gbsorb liguid fuel.

Since the.“ransmission of the laser beams varies

. greatly for the different fuels, wicks cf different
widths are used as listed in Table 1. The most fre-
quently used wick sizes are 12 cm high and 15 cnm or
7 em wide. The samples of PMMA are 15 cm high, 16 cm
wide, and 1.27 cz thick. The diemeter of the laser
beam in the flame limits the spatial resolution of the
transmission measurement. For pathlengths of 16 cm
and 7 cm the maximum beam width between points of

1/e2 intensity is less than O.4 mm and 0.3 mm, respec-
© tively.

Since variations in temperature and species change
the index of refraction in the direction normal to the
fuel surface, the fire can deflect the laser bean.

The enmular deflection of the beam in the combusting
boundary layer is greater than the deflection in pool
fires (5-8), due to the steeper gradients of the
species and temperature profiles in the boundary layer.
This angular deflection changes the beam pathlengths
in the prism and if uncorrected can cause the beams to
niss the detectors. lens FL2 in Fig. 2 is used to
ninimize the beam moverment relative to the prism and
thus to the detectors. The position of lens FL2
bisects the distance between the prism end the center
of the fire, which is set at four times the focal
length of lens FL2. This arrangement projects an
image of the beam at the center of the fire onto the
prisnn. The sma2ll movexment of the bean et the center

of the fire then gives only small movement at the prism.

The deflection of the beam in the fire is measured
for all the fuels. For liquid fuels the deflection
does not decrease the spatial resolution significantly
except near the inner edge of the soot layer when the
width of the wick is 15 cm. Therefore, data near the
inner boundary of the soot layer are cbtained from
measurements with shorter pathlengths. Since the de-
flection of the beam is less for Prl4A, a larger path-
length of 16 orm is used.

The diztence Yetween the superimposed laser beams
and the fuel surface is changed by moving the fire
horizontally. A complete scan of the fire is obtained
by adjusting the height of the wall between traverses.

After the fuel is ignited, a sheet of pyrex glass is
placed in front of the fire about 0.25 m from the fuel
surface to block disturbances frcm air movexzeats in tha
roon. For liquid fuels the supply of fuel ip the wick
gives a stezdy flaze for asbout {ive minutes afier a
very short transient. This tize period allows one
horizontal- sesn, with increments of ~ 0.4 mm, through
the boundary leyer each time the fire is ignited. At
each position the outputs of the detectors are read
300 times within a 6 second interval. After each
horizontal scan the fire is extinguisnhed, the down-
stream location or heignt is changed by lowering the
wall and the wick is soaked with fuel before the fire
is reignited. :

The pathlength, L, is approximately 1 cm longer
than the wick width. It is measured by placing e
scale in front of the flame at the laser beem location.
End effects may be neglected for these large L. The
measured velues of I/I° for the two different wave-

lengths end L are used inthe extinction analysis to
calculate rmax and fv' Data for more than one wave-

length pair may be used to isolate the correct value
of r . (k-8).

For PMMA the fuel regression rate affects the
beam distance from the fuel surface. The regression
rate is measured in & similar experiment by blocking
the leser beams partielly with the fuel surface. ITf
the vertical wall remz2ins 'stationary, the surface of
the pyrolyzing fuel slab recedes .2nd blocks a szzller
part of the laser beams. The regression rate is given
by the rate of the vertical :rall has to be moved to
maintain a consteant reading of transmitted intensity.
for the partially blocked beam. The regression rate
was reasured before end after each horizontal scan
through the boundary layer. A new sample of FMA is
burned for the trensmission measurements at each
height.

Due to some unsteadiness in the fire, the posi-
tions of the soot layer and the flame zone fluctuate.

. Near the boundaries of the soot zone, a2 point 2t a
. fixed distance from the fuel surface spends only part

of the. time in tkhe soot leyer. Likewise, only a part
of the psathlength of the laser beam may be in the

soot layer at any time. Since the measured pathlength
is the entire width of the fire, transmission neasure-
ments near a boundary may give too high a value of
I/Io, and therefore, a lower volure fraction of soot

than the true value. At the outer soot layer edge the
portion of the beam in the soot layer is visible from
light which is scattered by the soot. While the
measurements are made, positions are noted where only

a fraction of the beam is in the soot layer. At the
inner boundary an increase in the experirental standard
deviations of the volume fraection of soot and the most
probable radius occurs. On these bases data points are
rejected where crfv/fv > 0.k. The increase in the

error bers in Figs. 3-6 at the soot layer boundaries
is largely due to these fluctuations.

RESULTS AND DISCUSSION

Profiles of the volume fraction of soot are shown

" in Fig. 3 for five liquid fuels and PMVYA at a height

of I cm above the leading edge of the fuel surface.
Results from at least two different horizontzl scans
are shown for each fuel. Limitetlicn cproducing

- the same fire zccount' for wmost of the scatter jn Lh2

data. Table 1 lists values of soot volume fractions,
the most probable radius, and total particle concenira-~
tions at the peaks of these profiles. £ince no signi-

r

—t



e

! 5
20 T T 1 T T 1 T )
x:40mm . & Toluene
A & Cyclchexene
10k A A O Iso-octene .
N A AL v .Cyclohexane.
Aa AL, ¥ n-Heptone
- a O PMMA 7]
© - .
° | A -
-
,.->
z AA‘AA
o o AA A ]
5 ey e
< A 0O A A
£ 10 s Omo
w E a o © % a 7
= o0 (o) =3
3 5 vvVe a .
g W ,v? o
- o Gy v, -~
§ oo vl
o Ye©
= o o -
o w
o v
O.l}— v -
}- ~ —l
RN VNN S N N S N S
0 S 10

DISTANCE FROM FUEL SURFACE, y (mm)

XBL 813-5399
Fig. 3 Soot volume fractionms, fv’ es a function of
distence from fuel surface at a height of 40 mm for
five liquid hydrocerbon fuels and PXMA.

ficant chenge in the data occurs for wicks of different
vidths, errors due to the end effects eare negligible.
The volume fraction of soot for toluene, an aromatic

S S N N S L B
= CYCLOHEXENE -
wg | : {v .
:? ~ %x=100 mm Igf
: { -
o f'
=
©
& 120 %
& Ny mm
w
s L f , i
: = —
]
© I N
> -
'5 = -
o
'7) ) - -
0.3 R | I R B ! !
S . 10
DISTANCE FROM FUEL SURFACE, y (mm)
' XBL 813-5401
15 U i T T [ T T T T
TOLUENE
10}— T X ¢ 20mm
[ %}v 7]

SOOT VOLUME FRACTION, f,x10%

- ) -1
i 1 1 ! 1 | ! ! L1
o] . 5 : 10
DISTANCE FROM FUEL SURFACE, y {mm)
' XBL B13-5402

Fig. 4 Soot volume fractions, f,» &5 & function of

distance from fuel surface at different heights for
&) n-heptane; b) cyclohexene; c) toluene. Wavelength
pair numbers refer to )‘i ()\l = 0.4579 1=,

A, = 0.4880 ym, A, = 0.5145 um, )‘h = 0.6328 um).

2 3
Symbol x Wavelength
(rm) Pair
A 20 1-X%
O 20 2-L
v ko 1-k
o2 Lo 2.4
v 100 1-k
4 100 2-L

"40 [T T 1 T T T T T
= : i n- HEPTANE ]
I x.mmm {VFj:i §{ ]
% g
- [~ x:40 mm{ .
.—’ .
| % 1
(o]
= .
g
E }_ x«20 mm §} : ]
W ’
= -
- 5 |
-
g o { -
b :
L -
oosl 1 ¢+ v 1 o441
(o] S 10

DISTANCE FROM ¢

UEL SURFACE, y (ram)
XBL Bi3-5400



~orgenind, is excewtionsl ous studies
T er5% formaticn have © ics have an
unusually large sooting The five
liquid fuels wer:z in2lui smoke points
ty Clzrre, Hunter, and C ir ranking
of tre fuels fcr the az=o ation agrees
with the date in Fig. 3.

Previous reesur

erents in szall pool fires (L-8,2L)
show the voluzme fraction of scot et 2 cm above t
fuel surface for FI1A, iso-octane, and toluene are

0.22 x 10-6, 0.k6 x 10-6, and 4.8 x 10-6, respdctively.
The pool fire results are cverege velues eacriss the
fire; it is interesting *hat they lie between the
raxirzum and minizun values of the profiles found here
in free boundary layers.

Figures ke, b, and ¢ present profiles of the
volurme fraction of soot at vericus heights above the
leading edge of the fuel surface for n-n2plane, cyclo-
hexene, and toluene. Experimental standdrd deviations
of fv are shown by the error bars, which were obtained

from stendard deviaticns in the extinction coefficients
by stendard statistical techniques (7). Error bdars are
omitted where they would mask trends. The increase in
the soot volure fraction for n-neptane is large be-
tween the heights of 2 cm and 4 em, but the amount of
increase dirinishes with height. Unlike the results
for n-heptazne, the maxizum soot volurme fraction for
toluene does not change significantly between the
heights of 2 cm end L ez (compare Figs. 3 and kc).

The variztion ¢t soot voluzme fraction with height for
cyclohexene falls between the two limiting cases of
n-heptane and tolusne. As the height increases the
outer edge of the scot layer follows the blue flenme
zone avay from the fuel surfazce, and the width of the
soot layer increases. At the lower heights the effects
due to the ozposing processes of formation and oxida-
tion of soot ere more apparent, causing sharply pezked
fv profiles. Figures La and c¢ show that socot perticu-

late is found closer to the fuel surface for toluene
than for n-heptane at & height of 2 cm. It is unclear
if soot particles are Torrmed closer to the wall for
toluene, because convection from the higher concentre-
tion of soot perticles upstream widens the soot leoyer.
The shepe of the gofile for cyclohexene at a height of
2 cao falls between the two limiting liguid-fueled cases
of n-heptane and toluesne. Although the position of the
inrer edge of the scot layer varies emong fuels, the
locetion of the outer edge is approximately the sare
for 211 the licuid fuels. Since the therrophysicel
properties of these hydrocarbon fuels are siriler,

as shown in Teble 1, the location of the flame zone

is approximately the same. The peex of the profile
shifts tovward the fuel surface reletive to the edges
of the soot layer with increasing height for cyclo-
hexene end toluene, while the opposite trend is ob-
served for the less scot flares,

In Fig. 5 the profiles of soot volume fracticn
for PM¥A are shown et heights of L cm and 10 cm above
the leacding edge of the fuel surface. The maximum in
the profile inereases only slightly with height. The
distance of the fleme zone from the fuel surfece is
less for FiMA than the liquid fuels, end the distance
between the peex of the profile end the fuel surface
remains epproximately constant with height above b4 cm.

For all the fuels the most probable radius, Toax®

is between 20 nm end 50 nm, end the particle radii do
not change significently acrcss the soot layer. Fig. 6

presents profiles of rcax at 2 cm and 10 cm above the
leading edge for cyclohexene., The slight increzse of
‘r with height is typicel for the fuels in this

nax
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Fig. 5 Soot Qolume fractions, fv‘ for PI4A as =
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syzhol definitions are those given in the caption to
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-quite narrow.

-the complex interaction among:

CONCLUSTON

Soot volume fractions end size distributions have
been measured in a well cheracterized comdbusting bound-
ary layer in free flow for five liquid fuels and FI7A.
A soot region is observed at the fuel side of the flazme
front. The ranking of fuels by soot volume fraction
is preserved between small pool fires and the free
lerminar combusting boundary layer. A previous renking

. of the fuels by their smoke voint elso agrees with

these measurements of soot =lume fractions. In the
laminar boundary layer the soot volume fraction in=-
creases with downstream distance for all fuels, but
for fuels with & high soot volume fraction the varia-
tion is small. When the width of the soot leyer is
compared for different liquid fuels near the leading
edge, & more sooty fuel produces & wider soot layer;
e.g. for n-heptane the soot region is observed to be
The convection of particles downstream
widens .the soot layer until, at & height of ~ 10 cm
above the fuel leading edge, the width of the soot
layer is epproxirmately constant for all the liquid
fuels. The particle radii increase only very slightly
with downstream distances for all the fuels tested.
In the future, the well characterized nature of
this radiating, combusting boundary layer will permit
analyses of the effects of the soot particulates of
convection due to
buoyant flcw and thermophoretic forces, Brownian dif-
fussion, formation, surface growth, and oxidation.
Additional expeircents are planned in forced flow
boundary leyers with & wide range of free streem
oxygen concentrations. These data, along with com-
putations of the velocity, species, and thermal fleld

. provide bases for soot formation modeling.
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SIVELILATIRE

2 =ass transfer nucher, (prox.” - hv)/Lp

cp specificvheat .

Dc dizensionless heat of combustion, QpYox,w/hv

T
.h specific enthelpy, f cp 4T
. T

fv particulate carbon Yolume/flage volume

I rediant intensity

L bean p;thlength tgrough fire
. Lp erfegtive latent heat of pyrolysis

L, laser at A

m coxplex index of refraction

Mi . rolecular veight-or species 1

n - real index of refraciion

nk :imaginary index of refraction

N{r)ar particle concentration in the size range dr

about r
N total particle concentration

extinction efficiency

heat of reaction per unit mass of oxygen

r particle radius
T, mass consumption nuzmber, Yox,w Vfo/Yrv Vo Moo
T temperature )
Yi mass frection of species i
wa Y;ll ;uslymass frection,
£t ° ox,» (v M. /v M )1/(1 + B)

p\ wavelength
v stoichiometric coefficient

standard deviation -
T extinction coefficient °
.SUBSCRIPTS
t fuel
by fuel in the transferred (pyrolyzed) material
i first wavelength
3 second wavelength

" pex mest probable, i.e., ot zaximum in N(r)

0 incident
ox oxidizer
v fuel surface
L ambient
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