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a b s t r a c t 

Soot formation in pyrolyzing sprays of n -dodecane is visualized and quantified in a high-pressure, high- 

temperature, constant-volume spray chamber at 38 bar, 76 bar, and 114 bar. Sprays of n -dodecane are 

injected at 500 bar from a single-hole, 186-μm orifice diameter fuel injector. We quantify the temporal 

evolution of the soot optical thickness and the total soot mass formed in the pyrolyzing sprays using a 

high-speed extinction imaging diagnostic. The vessel ambient temperature and pressure are varied in- 

dependently to identify the soot onset temperature for n -dodecane pyrolysis. Linear extrapolation of the 

maximum soot formation rates as a function of ambient temperature reveals a soot onset temperature 

near 1450 K. The onset temperature determined here for n -dodecane is within 50 K of those previously 

measured along the centerline of atmospheric pressure coflow diffusion flames for smaller alkane fuels. 

© 2017 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Laminar flame studies conducted at atmospheric pressure by

omez et al. [1] and Saito et al. [2] revealed a relatively consistent

oot onset temperature between 1310 K and 1400 K for a variety

f hydrocarbon fuels. To determine the onset temperature, the au-

hors used a fine-wire thermocouple and measured the tempera-

ure along the flame centerline until soot deposits were observed.

he radiation corrected temperature at the highest centerline ax-

al location prior to soot deposition defined the onset tempera-

ure. For clarity, we mention that the onset temperature as it is

efined and used in the present work differs from the soot “in-

eption” temperature near 1600 K (or higher) reported in [3–8] .

hereas, the onset temperature measured in [1,2] was determined

n a region where oxidation is not expected to inhibit soot forma-

ion, studies referencing the inception temperature have generally

een conducted under conditions where competition between soot

ormation and oxidation occurs. 

Of the 12 flames studied in Gomez et al. [1] , all were estab-

ished at the smoke height condition with the exception of one of

he butene flames. Saito et al. [2] selected small diffusion flames

or their study since such flames remain in the early stage of soot

ormation. For all cases in Gomez et al. [1] , the soot onset location

as observed at a height in the flame between 25% and 40% of the

uminous flame height, while Saito et al. [2] reported that the first
∗ Corresponding author. 
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oot deposits onto their probe occurred between 2 mm and 4 mm

elow the first visible appearance of yellow emission. Recognizing

hat the centerline in the near-burner region of a non-lifted coflow

iffusion flame is oxygen deficient [9] , these early soot processes

re more representative of a pyrolysis pathway. As such, the soot

nset temperatures measured by Gomez et al. [1] and Saito et al.

2] provide a suitable reference for the study of soot onset lim-

ts under pyrolytic conditions or conditions expected to have very

mall quantities of oxidizing species. 

In addition to diffusion flame studies, shock tubes have been

idely used to investigate pyrolytic soot formation processes and

stablish temperature dependencies for a wide range of fuels. Gra-

am and co-workers [10] were pioneers in this area followed by

he large body of work from Frenklach [11–17] . Soot yields are gen-

rally negligible in shock tube pyrolysis experiments at tempera-

ures below 1500 K; however, with the addition of a small amount

f oxygen soot has been observed during acetylene/oxygen/argon

ixtures in the shock tube below 1400 K [14] . To understand the

ffect of oxygen on soot formation, Gülder [18] added oxygen to

he fuel stream in laminar coflow flames of methane, propane, and

 -butane. They observed that oxygen suppressed soot formation in

ethane flames while enhancing soot formation in propane and

 -butane flames. Suppression of soot in methane flames was at-

ributed to a reduction in acetylene as a pyrolysis product while

he enhancement observed for propane and n -butane flames was

elated to oxygen stimulating fuel pyrolysis and the production of

 atoms and other hydrocarbon radicals. Hwang et al. [19] inves-

igated the influence of adding a small amount of oxygen to the

uel in counterflow ethylene diffusion flames and concluded that
. 
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http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2017.09.030&domain=pdf
mailto:sskeen@sandia.gov
https://doi.org/10.1016/j.combustflame.2017.09.030


484 S.A. Skeen, K. Yasutomi / Combustion and Flame 188 (2018) 483–487 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Diagram of the high-pressure combustion vessel and diffused back- 

illumination extinction imaging (DBIEI) optical arrangement. 
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reactions between O atoms and acetylene enhance the formation

of key soot precursor species. Oxygen’s enhancement of fuel de-

composition and soot precursor formation leading to increased

soot in these flame studies is consistent with the reduced soot

onset temperature in shock tube studies when a small amount of

oxygen was included in the mixture. 

This brief communication presents measurements of the soot

onset temperature in pyrolyzing sprays of n -dodecane in a con-

stant volume, high-pressure, high-temperature, pre-burn chamber.

We use the term “pyrolyzing” loosely here as the pre-burn prod-

ucts, which consist mainly of nitrogen, also include small amounts

of carbon dioxide and water. Over the range of temperatures and

pressures considered (1400 K – 1750 K, 38 bar – 114 bar) ppm

quantities of the hydroxyl radical (OH), hydrogen, and oxygen

would be present at equilibrium. Such small quantities of OH

and oxygen may promote earlier and/or more rapid fuel de-

composition than a purely inert environment, but would not be

sufficient to open oxidation pathways in competition with soot

formation. A high-speed, diffused back-illumination extinction

imaging (DBIEI) diagnostic enabled time-resolved, quantitative

measurements of the total soot mass. The maximum formation

rate of soot as a function of ambient temperature was derived

from the time-resolved imaging extinction measurements and a

linear extrapolation was performed to determine the soot onset

temperature. We observed a soot onset temperature near 1450 K

for the pyrolyzing n -dodecane sprays, which is within 50 K of the

onset temperatures measured for smaller alkanes in atmospheric

pressure, coflow diffusion flames [2] . 

2. Experimental 

2.1. Combustion vessel and injection system 

Sprays of n -dodecane were injected into the optically accessi-

ble, high-pressure, constant-volume combustion vessel depicted in

Fig. 1 . The combustion chamber is nearly cubical with a charac-

teristic dimension of 108 mm. Six round ports of 105-mm diam-

eter constitute the four sides and top and bottom of the cham-

ber with eight 19-mm diameter ports located at the corners. The

water-cooled fuel injector (Bosch 3-22) is mounted horizontally in

one of the side ports with two spark plugs mounted in the top port

and three fine-wire type-R thermocouples mounted in the bottom

port. Sapphire windows occupy the remaining three side ports for

optical access. Pneumatic intake and exhaust valves reside in two

of the corner ports on the injector side of the vessel along with a

pressure transducer (Kistler K-6001). The fourth corner port on the

injector side is unused. A second pressure transducer, a sheathed
Fig. 1. Schematic cross-section of constant volume pre-burn vessel. 
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ype-J thermocouple, and the mixing fan occupy three of the four

orner ports on the opposite side of the injector port with the

ourth corner port on this side also unused. 

The temperatures and pressures desired for this study were

chieved via the combustion of a spark-ignited premixed charge.

he premixed charge gases include acetylene, hydrogen, nitrogen,

nd oxygen and batches of the desired mixture are prepared mano-

etrically and stored external to the laboratory prior to the ex-

eriments. Following the aforementioned “pre-burn” event, a cool-

own period ensues resulting in a time-dependent range of ther-

odynamic conditions into which the fuel spray can be injected.

he present work employed a stoichiometric pre-burn charge re-

ulting in an ambient environment containing 89.71% nitrogen,

.52% carbon dioxide, and 3.77% water by volume. The conditions

herefore do not represent pyrolysis in the purest sense since ppm

evels of OH and O 2 are expected based on equilibrium calculations

t temperatures exceeding 1400 K. 

Target ambient conditions ranged from 1400 K to 1700 K (50 K

teps) at pressures of 38 bar, 76 bar, and 114 bar. Temperature

easurements at three axial locations within a few millimeters of

he penetrating fuel vapor/soot boundary were acquired using the

hermocouples mounted in the bottom vessel port. Radiation cor-

ections were performed and uncertainty in the temperature mea-

urements is estimated to be ± 25 K 

A syringe pump (Teledyne 30D) pressurizes the fuel to 500 bar

rior to injection and the injector has a single axial orifice with a

86-μm nominal diameter. We targeted short injection durations

120 μs) and a relatively low common-rail injection pressure to

imit vapor penetration and the mass of fuel injected. By limiting

apor penetration, the conversion of fuel vapor to soot can be im-

ged over a longer period of time while the entire spray remains

ithin the field of view of the imaging system described in the

ext section. 

.2. Diffused back-illumination extinction imaging (DBIEI) 

We quantified soot formation following pyrolytic decomposition

f n -dodecane using the high-speed imaging extinction diagnostic

llustrated in Fig. 2 . The main components of this diagnostic in-

lude a high-output, ultra-fast, deep blue (406-nm, 17-nm FWHM)

ight emitting diode (LED) equipped with a collimator, two engi-

eered diffusers, a field lens, and a high-speed camera. The first

ngineered diffuser (25-mm diameter, circular 50-degree distribu-

ion) was mounted at the exit of the LED collimator. The light

assing through this first diffuser was collected by the 150-mm

iameter, 150-mm focal length field lens. The field lens directed

he nearly collimated light to the second diffuser, which has a

00-mm diameter and a circular 15-degree distribution. The high

peed camera was operated at 50,0 0 0 frames per second and was



S.A. Skeen, K. Yasutomi / Combustion and Flame 188 (2018) 483–487 485 

e  

a  

t  

t  

L  

d  

d  

[

 

m  

h  

e  

u

I

 

i  

p  

(  

c  

t  

e

m

 

d  

a

 

p  

c  

p

w  

p  

u  

e  

t  

t  

n  

i  

b

3

 

o  

a  

t  

q  

e  

i  

w  

t  

v  

t

 

f  

a  

t  

t  

l  

t  

T  

o  

F

u

quipped with a 50-mm f/1.2 Nikkor lens, a 500D close-up lens,

 400-nm (25-nm FWHM) band-pass filter, and an OD 1.5 neu-

ral density filter. The light source setup described above directs

he diffused illumination toward the spray plane with a quasi-

ambertian distribution, resulting in minimal light extinction in-

uced by refractive index gradients (i.e., beam steering). A detailed

escription of the DBIEI diagnostic is available in Westlye et al.

20] . 

Pulsing the LED in every other camera frame enables the re-

oval of sensor background signal and broadband emission from

ot soot particles at each time step. The background corrected 2-D

xtinction measurements were converted to optical thickness, KL ,

sing the well-known Beer-Lambert law. 

/ I 0 = exp ( −KL ) . (1) 

In Eq. (1) , I is the transmitted LED intensity, I 0 is the incident

ntensity, K is the dimensional extinction coefficient, and L is the

ath length through the soot cloud. Because the total soot mass

 m soot ) is proportional to the observed optical thickness ( KL ), one

an derive the soot mass within each pixel according to Eq. (2) . The

otal soot mass is then the sum of all pixel specific values over the

ntire image. 

 soot , pixel = 

λ · ρsoot 

k e 
KL · �A pixel (2) 

In Eq. (2) , λ is the wavelength of incident light, k e is the non-

imensional extinction coefficient, ρsoot is the soot mass density,

nd �A is the projected pixel area. 

Williams et al. [21] measured values for k e ranging from ap-

roximately k e = 6 to k e = 10 for a number of fuels and burner

onfigurations at an incident wavelength of 635 nm. Minimal de-

endence on height above burner was observed, suggesting that k e 
ig. 3. False-color maps of the imaged light extinction during pyrolysis of n -dodecane at

pper left corner of each frame. The bracketed value in the lower left corner indicates th
as not a strong function of soot maturity in their study. In the

resent work, we used k e = 8 after considering that soot formed

nder pyrolysis may have a smaller scattering albedo thereby low-

ring k e , while the shorter wavelength of incident light is expected

o result in a higher k e . The soot mass density ( ρsoot ) was assumed

o be 1.8 g/cm 

3 [22] , although Totten et al. [23] suggested that

ascent soot may have a mass density near 1.12 g/cm 

3 . Uncertainty

n our results associated with these assumptions will be discussed

elow. 

. Results and discussion 

False-color KL maps showing the time evolution of the imaged

ptical thickness in three pyrolyzing sprays at the 76 bar/1500 K

mbient condition appear in Fig. 3 . The top frames show extinc-

ion due to the liquid fuel injection and extinction in the subse-

uent frames is attributed to soot. The three independent injection

vents show consistency in the timing at which extinction of the

ncident light by soot is first observed ( ∼0.84 ms). For all cases

ith ambient temperatures of 1500 K and above, similar consis-

ency was observed. For the 1400 K and 1450 K cases, shot-to-shot

ariability increased presumably due to local temperature fluctua-

ions below and above the apparent soot onset limit temperature. 

Figure 4 provides the time-resolved total soot mass at 76 bar

or each of the ambient temperature conditions considered. For

ll cases, soot mass density and the non-dimensional extinc-

ion coefficient were assumed invariant with time, pressure, and

emperature—the implications of which are discussed below. The

ine plots represent the ensemble average of the repeated runs and

he shaded region indicates + / − one standard deviation ( ±σ ).

he S-shaped character of the total soot mass is representative

f an autocatalytic process and is consistent with the soot yield
 1500 K and 76 bar. The time after the start of injection (ASOI) is provided in the 

e maximum value of the false-color scale representing the magnitude of KL . 
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Fig. 4. Total soot mass as a function of time ASOI for seven different ambient tem- 

perature conditions at an ambient pressure of 76 bar. The data have been ensemble 

averaged over multiple repeated events having the same target ambient conditions. 

The shaded regions represent ± σ . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Maximum rate of soot formation as a function of ambient temperature for 

three different ambient pressure conditions. 
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curves observed in a shock tube by Frenklach et al. [16,17] . To de-

termine the maximum soot formation rate for each individual run,

we fit a third order polynomial to the region containing the max-

imum slope and computed the derivative. We observe an increase

in the maximum rate of soot formation with increasing tempera-

ture; however, the peak total soot mass is consistent for all cases

(including those at 38 bar and 114 bar) at 1550 K and above. Thus,

for the conditions of the present study, 1550 K appears to be a

critical temperature above which additional soot yields are not ob-

served. 

Uncertainty in quantifying the total soot mass arises mainly

from assumptions about the soot mass density ( ρsoot ) and non-

dimensional extinction coefficient ( k e ) (see Eq. (2) ). Based on the

work of Williams et al. [21] , one might assume 7 < k e < 11 af-

ter accounting for the effect of the shorter incident light wave-

length used in the present study. As the total soot mass scales

linearly with k e , this range of possible values alone could result

in error as large as 60%. Error due to uncertainty in ρsoot , with

values ranging from 1.12-1.8 g/cm 

3 [23] , is equally as large. Never-

theless, one can argue that these errors may have a compensating

effect given that light extinction by lower mass density soot may

be dominated by absorption leading to smaller k e values, while

higher mass density soot may have a significant scattering contri-

bution leading to larger k e values [21] . This same argument can

be applied when considering errors associated with the assump-

tion of a time- and temperature-invariant k e throughout the soot

formation and growth processes in these pyrolyzing sprays. That

is, the first soot formed in the pyrolyzing spray or soot formed at

lower temperature conditions may be less graphitic and therefore

characterized by a lower mass density and smaller k e value. As

time progresses or higher temperature conditions are considered,

the particles have time or temperature for further dehydrogeniza-

tion, growth, and agglomeration leading to higher mass densities,

increased scattering albedo, and larger k e . At present, we cannot

speculate on the effect ambient pressure might have on ρsoot or

k e . 

Based on the carbon available in the total injected fuel and as-

suming an atomic carbon-to-hydrogen ratio of C/H = 8 [24,25] ,

approximately 33%, 50%, and 70% of the fuel carbon is converted

to soot at 38 bar, 76 bar, and 114 bar, respectively. Without a di-

rect measurement of the carbon-to-hydrogen ratio for the parti-

cles formed in these pyrolyzing sprays, there is some uncertainty

in the carbon conversion numbers presented above. Dobbins et al.
eported an atomic carbon-to-hydrogen ratio as low as C/H = 1.75

or soot “precursor particles” sampled from the centerline of an

thylene coflow diffusion flame 20 mm above the burner [26] . Im-

lementing this lower C/H ratio reduces the computed fuel carbon

onversion by 1–3 percentage points. With regard to the incontro-

ertible increase in soot yield observed at higher ambient pres-

ures, further work will be required to understand the effects of

nhanced mixing and/or soot kinetics. 

In Fig. 5 , the maximum soot formation rate for each run is

lotted against the corresponding ambient temperature in a scat-

er plot. The linear fit applied to data from each ambient pressure

ondition is extrapolated through zero to determine the soot on-

et temperature, which is observed near 1450 K ± 25 K. Saito et

l. [2] reported soot onset temperatures for methane and ethane

f 1390 K ± 20 K and 1399 K ± 20 K, respectively, along the

enterline of atmospheric pressure, coflow diffusion flames. Lower

oot onset temperatures were observed for allene (1310 K), 1,3-

utadiene (1350 K), and acetylene (1350 K). In retrospect, these

ower onset temperatures may be due to lower kinetic barriers

n the formation of the resonantly stabilized propargyl radical—

elieved to be a critical step in the formation of the first aromatic

ing and subsequent aromatic growth leading to soot particle in-

eption for aliphatic fuels [27,28] . As discussed previously, Fren-

lach [14] observed soot formation at temperatures below 1400 K

n a shock tube for acetylene and argon mixtures when a small

mount of oxygen was added, whereas pure pyrolysis experiments

ypically require temperatures exceeding 1600 K. Thus, there is ev-

dence that small quantities of oxygen containing radical species

ust be available to promote fuel decomposition in the present

ork as well as along the centerline of the coflow flame experi-

ents of Gomez et al. [1] and Saito et al. [2] . 

We also note that Herbinet et al. [29] found the dominant prod-

cts of n -dodecane decomposition to include the alkenes 1-butene,

,3-butadiene, ethylene, and propene; however, considering that

he alkene fuels studied in Saito et al. [2] demonstrated soot onset

emperatures at 1350 K and below, it seems the chemical structure

f the parent fuel rather than its decomposition products may gov-

rn the kinetics related to soot onset under the conditions of the

resent study. 

Finally, we point out that the large uncertainties in soot den-

ity and non-dimensional extinction coefficient discussed previ-

usly should have a reduced impact on the determination of the

oot onset temperature for the following two reasons. First, the
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aximum formation rate corresponds to data within a short time

indow where significant changes to soot characteristics would

ot be expected. Second, assuming that the soot characteristics are

onsistent among the different tem perature conditions during the

eriod of maximum increase in total soot mass, the use of a more

ccurate soot mass density and/or non-dimensional extinction co-

fficient would scale the data linearly resulting in the same inter-

ept with the abscissa. 

. Summary and conclusions 

This brief communication presents time-resolved measure-

ents of soot formation in high-pressure pyrolyzing sprays of n -

odecane in a constant volume pre-burn vessel. The soot optical

hickness and corresponding total soot mass were measured by dif-

used back illumination extinction imaging (DBIEI). Consistent with

revious shock tube studies, the time-resolved soot yield was char-

cterized by an S-type curve indicative of an autocatalytic process.

 critical temperature of 1550 K was observed, above which the

ltimate conversion of fuel carbon to soot did not increase with

ncreasing ambient temperature. The maximum rate of soot for-

ation increased linearly with increasing ambient temperature at

onstant pressure. Linear fits to the peak rate of soot formation as

 function of ambient temperature intercept the x-axis near 1450 K

hereby identifying a pressure invariant soot onset temperature for

 -dodecane. The soot onset temperature reported here is within

0 K of values reported for smaller alkanes (CH 4 , C 2 H 6 ) in atmo-

pheric pressure coflow diffusion flame studies. 
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