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a b s t r a c t 

Soot formation characteristics of ethene, propene, and 1-butene, the most abundant unsaturated interme- 

diates in thermal decomposition of paraffinic hydrocarbons, were investigated in laminar diffusion flames 

stabilized on a co-flow burner installed in a high-pressure combustion chamber with optical access. All 

three olefins were diluted with nitrogen to produce sooting but non-smoking diffusion flames at desired 

pressures. Pressure range was 1–2.5 bar with 1-butene, and 1–8 bar with propene and ethene. Upper 

pressure limits of 1-butene and propene were established by their respective vapour pressure charac- 

teristics. The spectral soot emission technique, in which radiation emitted by the soot within the flame 

was collected as line-of-sight intensity and spectrally resolved over the range 690–945 nm, was used 

to measure radially-resolved temperature and soot volume fraction. The carbon mass flow rates of the 

three fuels were kept constant at 0.505 mg/s to facilitate direct comparison among the fuels at elevated 

pressures. With the same dilution level, the sooting propensity increased from ethene to 1-butene as 

expected; however, the pressure sensitivity of propene and 1-butene differed significantly from that of 

ethene. Soot yields in both propene and 1-butene flames showed a much weaker dependence on pres- 

sure than the soot in ethene flames. In the decomposition of propene and 1-butene, allyl radical and 

1,3-butadiene are known to form in critical quantities leading to formation of higher molecular growth 

species specifically six-membered ring aromatics, and presence of these simple aromatics is argued to 

play a role in lowering the pressure sensitivity of the soot in C 3 and C 4 olefin flames. 

© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

The combustion engines used in air and ground transportation

are designed to operate at pressures well above the atmospheric

to benefit from higher thermal efficiencies and reduced space

requirements in the vehicle. Formation of soot in engines op-

erating mostly in non-premixed combustion mode is a current

concern and soot emissions from the engine exhausts have neg-

ative implications for human health and climate change. In spite

of the recent advances in our understanding of soot formation

processes in combustion, we still do not possess a good handle

of soot formation at elevated pressures. The situation is further

complicated by the elusive kinetic processes involved in the high

pressure combustion of transportation fuels such as diesel and

jet fuel. To provide a better insight into the soot processes at

elevated pressures, research involving tractable measurements

of soot processes in laminar flames stabilized at high pressures

seems to be one of the preferred approaches [1–7] . 
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C 2 –C 4 olefins, i.e., ethene, propene, and butene, are not among

he common fuels used for practical combustion purposes, except

or gasoline which may contain about 5–10% olefinic compounds;

owever, they are the most common olefins observed as interme-

iate species in the thermal decomposition and pyrolysis of larger

olecule paraffinic hydrocarbons especially at temperatures above

0 0 0 K, see e.g., [8–10] . Also, propene is one of the abundant hy-

rocarbons in industrial gas flares [11] which are commonly used

or both emergency and routine destruction of combustible gases

y open flame burning in petroleum refinery and chemical process

ndustries, and formation and emissions of soot particles from such

ares are a current environmental concern. As a result, there has

een several recent studies of lower olefins in premixed and diffu-

ion flames to gain further insight into their combustion chemistry,

ee e.g., [12–15] . 

Schalla et al. [16] and Schalla and McDonald [17] showed that

ooting propensity of propene is second to that of butene which

s the most prolific soot producer of the 1-olefins. At atmospheric

onditions formation of soot precursors and soot processes show a

trong dependence on fuel molecular structure [18–20] ; however, it

s not clear whether this fuel structure dependence characterized
. 
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Fig. 1. Modelling approach to simulate cracking and auto-ignition in diesel engine 

combustion. The schematics is adopted from Yoshihara et al. [28] . 
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t atmospheric conditions is carried into the high pressure com-

ustion. If the pressure dependence of sooting propensity is not

nique but fuel molecular structure specific, then this would have

ome implications for assessment of soot emissions from diesel

nd gas turbine engines. 

The initiation step in the thermal cracking of paraffins seems

nderstood well to be the homolytic scission of a C–C bond in

he parent molecule producing two alkyl radicals [8–10,21,22] . The

hain propagation involves hydrogen abstraction by the small free

adical fragments from the reactant molecule to form the so called

arent radicals and the subsequent decomposition of these radicals

y scission of the C–C bond in beta position to the radical site. As

 result, all but the simplest radicals decompose to yield an olefin

nd another alkyl radical. For example, in the thermal decompo-

ition of n -hexadecane at 1033 K [21] and that of n -dodecane at

050 K [9] , it was found that C 2 –C 4 alkenes were dominant inter-

ediates in addition to hydrogen, methane, and ethane. As a re-

ult, the question of chemical kinetics of larger molecule paraffinic

ydrocarbons can be handled at two stages for practical engineer-

ng applications. The first stage would involve the development of

chemes for the purpose of estimating the products distribution of

he thermal decomposition process as affected by the fuel chem-

cal structure, pressure, and temperature. The schemes developed

ould make it possible to represent the fuel cracking rate with

 relatively simple model as a function of fuel type, temperature

nd pressure involved in the process. The second stage will be the

evelopment of appropriate reaction models representing pyroly-

is, oxidative pyrolysis, and oxidation of the products of initial fuel

racking at relevant pressures. 

A similar situation exists in oxidation of paraffins, if the crack-

ng reactions described above are fast enough [23] . As discussed by

inkoff and Tipper [24] , in high-temperature combustion, many of 

he paraffinic molecules thermally decompose relatively fast before

hey start reacting directly with oxygen. Then the problem may

e considered as the oxidation of lower carbon number olefins,

n addition to hydrogen, methane, and ethane, after estimating

he products distribution of the high-temperature fuel cracking,

ee e.g., [25–27] . This approach was applied to a diesel engine to

odel the fuel cracking and auto-ignition [28] and soot formation

t high temperatures [29] , as shown conceptually within the

ontext of diesel engine combustion processes in Fig. 1 . Calculated

esults agreed well with the measured induction periods in the

igh-temperature oxidation range [28] and with the measured soot

rofiles in shock tubes [29] . Recent studies decoupling the fuel

yrolysis from the oxidation of the decomposition products have

esulted in promising outcomes [30–32] . Initial modelling effort s

ndicated that the approach provides a capability to estimate the
xtinction strain rates, ignition delays, and the laminar burning

ates of aviation jet fuels [33] . 

Within the framework summarized in the previous paragraphs,

he current work aims to provide insight into the soot formation

rocesses in laminar diffusion flames of lower olefins at elevated

ressures. Soot formation studies with propene and butene in dif-

usion flames are limited, and they are confined to atmospheric

onditions. Detailed measurements of soot volume fraction and

emperatures in co-flow laminar diffusion flames of ethene and

ropene, stabilized on burners manufactured from different ma-

erials were reported in [34] . In coflow laminar diffusion flames

t atmospheric pressure fuelled by olefins (propene and ethene),

oot volume fractions displayed a lower sensitivity to flame tem-

erature than those in alkane flames (isooctane and propane) [35] .

n a recent combined experimental and numerical study at at-

ospheric pressure, the soot and PAH formation tendencies of

arious 1-alkenes were reported for counterflow diffusion flames

15] . 1-butene was found to be the most sooting fuel of tested

lkenes; the rest of them followed the ranking in decreasing soot-

ng propensity as propene, 1-pentene, 1-hexene, 1-octene, and

thene [15] , confirming the findings reported by Schalla et al.

16] and Schalla and McDonald [17] . Adding 1% by volume propene

o a methane coflow diffusion flame at atmospheric pressure in-

reased the maximum soot volume fraction by about 35% whereas

he same amount of propane caused an increase about 17% [36] . In

 counterflow diffusion geometry, adding propene to a base ethene

ame showed increasing LII signals from soot as compared to the

ase of adding propane when the propene or propane mole frac-

ion in base fuel ethene was kept under 4–5%, [12] . However, it

as observed that upon addition of propane up to 50% to ethene

ncreased PAH LIF signal more than propene addition; when the

ole fraction of the added compound increased beyond 50%, then

he PAH of propene added flames was higher than that of propane

dded flames [12] . 

The sensitivity to pressure of soot production in ethene diffu-

ion flames have been studied previously [2,3,37–39] and it was

emonstrated that the soot formation in ethene flames display a

tronger dependence to pressure as compared to methane, ethane,

nd propane [37] . However, there has not been any study investi-

ating the soot production in propene and butene diffusion flames

t pressures above atmospheric. The experimental data on soot

rocesses in tractable olefin flames at elevated pressures would

e helpful in developing accurate kinetic mechanisms suitable for

igh pressure soot formation simulations. 

In this work, sooting characteristics of lower olefins, i.e., ethene,

ropene, and 1-butene, in coflow laminar diffusion flames at ele-

ated pressures are investigated experimentally. Olefins are diluted

ith nitrogen to have sooting but non-smoking flames at desired

ressures. Soot yields and their variation with pressure are dis-

ussed and compared to the sooting characteristics of other hydro-

arbons. 

Current non-intrusive diagnostics capabilities do not permit

patially and temporaly resolved measurements of mixing rates in

ooting atmospheric turbulent diffusion flames. Situation becomes

ore complex when the pressure is added as another variable.

ressure changes the turbulence characteristics of the flow field

eading to changes in soot processes and altering the mixing rates.

tudying laminar diffusion flames at high pressures, on the other

and, permits one to isolate the chemical effects of changing pres-

ure from the physical influence of turbulence; however, this is

nly feasible if the experiments are designed to be tractable at

ressures of interest. Then the information obtained from lami-

ar flame studies at elevated pressures can be used in turbulent

ames by invoking approximations like flamelet approach [40] .

here has been several studies reported in the literature in re-

ent years on soot formation at pressures above atmospheric in
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Fig. 2. A schematic diagram showing the main components of the high-pressure 

experimental rig. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

Mass flow rates of co-flow air and the fuels. ˙ m F = mass flow rate of the fuel; 

˙ m C = carbon mass flow rate; ˙ m a = co-flow air mass flow rate. 

Fuel ˙ m F ˙ m C ˙ m a Pressure (bar) Pressure (bar) 

(mg/s) (mg/s) (g/s) at 1:2 dilution at 1:3 dilution 

Ethene 0.59 0.505 0.2 1–8 

Propene 0.59 0.505 0.2 1–4 4–8 

1-Butene 0.59 0.505 0.2 1–2.5 
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tractable flames with various gaseous and liquid fuels, see e.g.,

[2,3,5,7,37,41–45] however, sensitivity of soot formation to pressure

in propene and 1-butene flames are not available to the authors’

knowledge. 

2. Experimental methodology 

A schematic diagram of the experimental rig is shown in Fig. 2 .

The flames of the three olefinic fuels were stabilized on a co-flow

diffusion burner which has a fuel nozzle diameter of 3 mm sur-

rounded by the co-flow air nozzle of 25 mm. Both fuel and air

nozzles are fitted with porous metal inserts to provide top hat ve-

locity profiles at the nozzle exits. The stainless steel burner rim is

tapered to a fine edge to prevent the formation of any recircula-

tion zones. The co-flow burner is mounted inside a high-pressure

cylindrical combustion vessel with an internal diameter of 24 cm

and a height of 60 cm. Optical access into the combustion cham-

ber is provided by four circular ports, three of them fitted with

quartz windows of 10 cm diameter, mounted on the side of the

chamber making 90 ° angles between them, as shown in Fig. 2 .

The experimental rig was designed such a way that the diagnos-

tics equipment is kept stationary and the combustion chamber is

moved to map the whole flame. To move the combustion chamber

to the desired measurement location, it is mounted on a three-

dimensional translational stage which has a movement precision of

5 μm in each direction. Further details of the high-pressure com-

bustion chamber and the co-flow diffusion burner are reported in

the literature [39,42–48] . 

We used spectral soot emission technique, which is based on

the two-colour flame pyrometry, to measure the radially-resolved

temperatures and soot volume fractions [49] . For this purpose,

line of sight soot emission intensities at wavelengths from 690 to

945 nm were recorded at 100 μm increments in the horizontal di-

rection at a given height and at increments of 1 mm along the

vertical flame axis. As shown in Fig. 2 , blackbody radiation orig-

inating from the flame soot goes through a spectrometer and is

registered on the CCD camera. The exposure time is based on the

optimal intensity count registered on the CCD and for the current

study it was about 1 s and the repeat images were recorded at
ach measurement location. These spectrally-resolved radiation in-

ensities are binned with 21 nm widths and then inverted using an

bel type algorithm to obtain radially-resolved temperatures and

oot volume fractions. Spectral soot emission technique and the

bel type inversion algorithm details can be found in our previous

ublications, see e.g., [41,43,49] . 

The gaseous olefins used as fuels in this study were research

rade hydrocarbons. The mass flow rates of the fuels and the com-

ressed air were metered by using mass flow controllers (Brooks

LA5850). These mass flow controllers were calibrated before each

xperimental run using a positive displacement calibration unit

Mesalabs Bios DryCal Definer 220) whose accuracy is traceable to

IST. 

For all three olefins, the mass flow rates of the fuel feed to

he burner were kept constant at 0.59 mg/s at all pressure condi-

ions. The experimental conditions and the flow rates are listed in

able 1 . The reason behind the constant mass flow rate of the fuel

s that the soot measurements at different pressures are compara-

le to assess the influence of pressure if the flames are buoyancy-

ominated [50] . In buoyancy-dominated laminar diffusion flames,

he flame height and hence the residence time are not sensitive

o pressure when the mass flow rate of the fuel is kept constant.

he flame centerline velocities are similar along the flame’s verti-

al axis at different pressures if the mass flow rate of the fuel is

ept constant, see, e.g., [38,44] . 

It should be noted that the pressure ranges of each olefin and

he nitrogen dilution ratios listed in Table 1 are dictated by ther-

ophysical properties of the olefins and their sooting propensities.

or example, the propene flame diluted with nitrogen at 1:2 mass

atio becomes a smoking flame above 4 bar pressure. Therefore, at

–8 bar pressures, propene is diluted with nitrogen at 1:3 mass ra-

io. For 1-butene, it is not possible to go beyond 2.5 bar pressure,

ecause of the vapour pressure of 1-butene, above which 1-butene

s no longer in the vapour phase [51,52] . 

. Results and discussion 

.1. Flame shapes and temperatures 

Still pictures of the propene and 1-butene flames at various

ressures are shown in Figs. 3 , and 4 . Flame pictures of ethene

at 1 to 8 bar) and propene (at 4–8 bar) are not shown. Pictures

f laminar diffusion flames of ethene at elevated pressures are

vailable in previous publications [37,44,53] . The flame diame-

er was found to decrease in size becoming thinner as the pres-

ure was increased. It has been established that along the height

bove the burner rim flame diameter scales with the inverse of the

quare root of pressure [1,42] . The visible flame heights showed

ome variation from atmospheric to 8 bar, however the stoichio-

etric heights are expected to be invariant with pressure, see,

.g., [38,50] , in view of the fact that the mass flow rates of the

uels were kept constant at all pressures. Flame pictures exhibit

oot containing areas, noticeable by the yellow glow, expanding

loser to the burner rim as the pressure is increased for all cases,

igs. 3 and 4 . 
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Fig. 3. Still pictures of propene flames at a dilution ratio of 1:2 by mass nitrogen 

from 1 to 4 bar. 

Fig. 4. Still pictures of butene flames at a dilution ratio of 1:2 by mass nitrogen at 

pressures from 1 to 2.5 bar. 
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Fig. 5. Radial distributions of soot volume fraction at various heights above the 

burner exit at 8 bar in ethene flames. 
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Fig. 6. Radial distributions of soot volume fraction at various heights above the 
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A set of representative radial temperature profiles for the

itrogen-diluted ethene, propene, and 1-butene flames are shown

n Figs. 5–7 . Selected conditions for each olefin correspond to

he pressures and heights above the burner exit for representa-

ive radial soot volume fraction figures that will be presented in

ection 3.2 . The maximum temperatures seems to stay around

900 K in propene and 1-butene flames, Figs. 6 and 7 whereas it

s well above 1900 K in ethene flames, Fig. 5 . The relatively higher

emperatures observed in ethene flames is a manifestation of the

ower soot concentrations (that will shown in the next section)

eading to relatively lower radiative heat losses from the flame.
he radial temperature profiles shown in these figures are simi-

ar to the profiles exhibited by diffusion flames at elevated pres-

ures [41,42] . 

Although radially-resolved temperature profiles of the soot con-

aining regions of the flame yield detailed thermal structure, a

lobal flame temperature as a function of the height above the

urner could provide a compact qualitative description of the ther-

al structure of the flame [54] . Traditionally, the line-of-sight in-

egrated temperature was commonly used in analysis of the soot

ormation in laminar diffusion flames, see e.g., [55–58] . In axisym-

etric laminar diffusion flames, line-of-sight integrated tempera-

ure along the flame height permits qualitative comparisons among

ames fuelled by different hydrocarbons or among flames with dif-

erent levels of inert dilution [59,60] . 

Line-of-sight integrated temperatures in propene flames along

he height above the burner at various pressures display a struc-

ure similar to results reported previously [37,41] , Fig. 8 . It is appar-

nt that line-of-sight temperature decreases with increasing pres-

ure as a result of increasing soot radiation, 

The temperature results for 1-butene flames are displayed in

ig. 9 for propene to nitrogen mass ratio of 1/2. The overall
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Fig. 8. Soot temperatures in propene flames at 1, 2, and 4 bar along the flame 
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behaviour of the line-of-sight temperatures with height above the

burner and pressure is qualitatively similar to those of propene. 

Soot formation processes in diffusion flames are strongly in-

fluenced by temperature [35] . The influence of pressure on flame

temperature in the absence of soot is negligible for practical pur-

poses. The increase in soot concentration with increasing pressure

leads to enhanced radiation heat loss from the flame reducing its

overall temperature. For example, in ethene flames from 1 bar to

8 bar, the line-of-sight flame temperature is suppressed by about

100 K at mid-height of the flames (not shown). This drop in tem-

perature would counteract the soot enhancing effect of pressure

to a certain extent; as a result, pressure dependency of soot pro-

cesses would be underestimated. Since the temperature drops in

all three olefins with increasing pressure are comparable for simi-

lar pressure drops, Figs. 8 and 9 , it can be assumed that the pres-

sure dependence underestimation would be similar in magnitude

by a scale factor in all three fuel cases. 
.2. Soot volume fractions 

Radially-resolved soot volume fraction distributions, obtained

rom the spectral soot emission data, at various heights above the

urner exit display a structure typical of laminar diffusion flames.

or a quick comparison of the sooting propensities of the three

lefins, radially-resolved soot volume fractions at 2 bar pressure

re shown in Fig. 10 at heights of 6 and 9 mm above the burner

xit. The higher soot production capacity of 1-butene in compari-

on to propene and ethene is apparent in Fig. 10 , not only at the

wo heights shown here, but at all other heights at which mea-

urements were taken (not shown in the figure). Soot volume frac-

ion profiles along the radial distance from the flame centerline in

he ethene flame at 8 bar pressure are shown in Fig. 11 at various

eights above the burner exit. The radial distribution of soot vol-

me fraction is annular in structure centered around r = 1 mm,

here r is the radial distance from the flame axis, at heights of 2
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nd 3 mm. There is negligible soot in the core of the flame. With

ncreasing height, starting at about 5 mm, the peak of the annu-

ar soot volume fraction distribution shifts gradually towards the

ame centerline as the peak soot volume fraction increases. Addi-

ionally, soot is measured closer to the flame centerline; at about

 = 5 mm, where z is the height above the burner exit, soot is de-

ected at the flame centerline. With further increase in height, the

oot volume fraction in the core region of the flame grows while

he soot concentration in the annular region drops. At z = 9 mm

nd above, the annular structure in the soot volume fraction dis-

ribution disappears and the highest soot volume fraction occurs

n the burner centerline. The peak soot volume fraction in ethene

ame observed at 8 bar pressure is about 26 ppm at z = 8 mm

not shown in Fig. 11 ). 

The structure of the radially-resolved soot volume fraction dis-

ributions at various heights above the burner exit in propene

ame at 8 bar is similar to that of ethene flame, Fig. 12 . Note that

he ratio of nitrogen to propene by mass is 3 in Fig. 12 whereas the

atio is 2 in the ethene flame. The maximum soot volume fraction

n the propene flame occurs at z = 8 mm and is about 28 ppm. 

As explained in the experimental method section above, the

ighest pressure that a 1-butene flame could be established at was

.5 bar due to vapour pressure of 1-butene. The radial distribu-

ions of the soot volume fraction of 1-butene display the typical

tructure observed in ethene and propene flames and the maxi-

um soot volume fraction is about 12 ppm at a height of 8 mm

bove the burner exit ( Fig. 13 ). 

The variations of the maximum soot volume fractions in

he flames of ethene, propene, and 1-butene with pressure are

epicted in Fig. 14 . It is apparent that pressure dependence of

aximum soot volume fraction is stronger in ethene flames in

omparison to propene and 1-butene flames. However, it should be

mphasized that when assessing the influence of pressure on soot

rocesses, soot yield and its maximum value seem to be the proper

etrics and they have been used in soot investigations carried

ut in high pressure flames and shock tubes. The next subsection

f the paper addresses the rationale for this and describes the

ethodology of inferring soot yields before assessing the pressure

ependencies of sooting in ethene, propene, and 1-butene flames. 
.3. Soot yields 

Maximum soot volume fraction represents the local maximum

nywhere in the flame envelope in units expressed as volume of

oot per unit volume of gas. The soot yield, on the other hand, is

btained by integrating soot volume fraction across the flame ra-

ius and converting it to a mass fraction normalized by the car-

on mass of the fuel stream. As a consequence, two flames with

dentical maximum soot volume fractions could have very differ-

nt maximum soot yields if the radial soot volume fraction dis-

ributions are not the same. Most importantly, soot volume frac-

ion would automatically scale with pressure even if there were

o other effects of pressure on soot other than the volume change

f the unit gas because of the fact that soot is incompressible for

ractical purposes. In contrast, the soot yield, and its maximum,

ould reflect chemical kinetic effects of pressure only on soot. 
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The mass flux of soot, ˙ m s , at any height above the burner rim

through the corresponding radial flame cross-section can be ex-

pressed as follows, if the radial soot volume fraction distribution

and the velocity field at the cross-section of interest are known: 

˙ m s (z) = ρs 

∫ 
2 π r f v (r, z) v (r, z)d r (1)

The average density of soot, ρs , is taken as 1.8 g/cm 

3 so that the

current results are consistent with our previous studies [41,46] ; f v 
is the soot volume fraction; v represents the velocity field with

radial and axial coordinates represented by r and z , respectively.

Although the measurement of flow field within the envelope of

laminar diffusion flames at pressures above atmospheric is a chal-

lenge, velocity data from detailed numerical simulations are avail-

able. It has been shown that the velocity field can be estimated by

(2 az ) 1/2 , where a is the acceleration induced by buoyancy. Using

the velocity data from numerical simulations, we took a ≈ 41 m/s 2 

in the current work, which is consistent with our previous publi-

cations, and further details are reported in references [61,62] . At a

given fuel mass feed through the burner nozzle, the carbon mass

flow, ˙ m c , at the burner exit will depend on the fuel’s carbon con-

tent. Then, the soot yield at any height above the co-flow burner

exit, Y s , will be given by: 

 s = 

˙ m s (z) / ˙ m c (2)

Soot yields can be evaluated from the radial soot volume frac-

tion distributions and the approximate value of the acceleration

constant discussed above using Eqs. (1) and (2) . 

The soot yield profiles shown in Fig. 15 along the height above

the burner at various pressures in ethene flames display the strong

influence of pressure on soot production. Peak soot yield shifts

gradually from a height of 8 mm at 1 bar to 6 mm at 8 bar. Soot

yields in propene flames in the pressure ranges of 1–4 bar and 4–8

bar are plotted in Figs. 16 and 17 , respectively, at the dilution lev-

els shown in the graphs. A weaker pressure dependence, especially

between 4 and 8 bar, in comparison to soot yields in ethene flames

is apparent. Soot yields in 1-butene flames, from 1 to 2.5 bar at 0.5

bar intervals, are displayed in Fig. 18 . A qualitative comparison of

soot yields of 1-butene to those of ethene implies a weaker pres-

sure dependence of soot production in 1-butene flames. 

To facilitate a direct comparison, the maximum soot yields of

ethene, propene, and 1-butene are plotted in Fig. 19 on logarith-
ic scales to assess the pressure dependence of soot in olefinic

iffusion flames. Also included in Fig. 19 are the maximum soot

ield data for undiluted ethene from a previous study [37] . The

ressure sensitivity of soot in diluted and undiluted ethene flames

s almost identical, Fig. 19 . However, in both propene and 1-

utene flames pressure dependence is much weaker as compared

o ethene flames. To provide an aid to guide the eye, reference

lopes are included in Fig. 19 . For ethene flames, between 1 and

 bars the maximum soot yield scales as P 2.6 and as the pressure

oes up the dependence gets weaker; between 4 and 8 bar it is

P 1.3 . For propene and 1-butene, scaling is ≈ P 1.1 from 1 to 2 bar,

ith increasing pressure dependence becomes weaker approaching

o P 0.4 for pressures larger than 4 bar, Fig. 19 . A significant decrease

n pressure exponents from ethene to propene/1-butene is appar-

nt and the probable reasons behind this finding will be discussed

ext. 

One of the noticeable differences between ethene and

ropene/1-butene pyrolysis product compositions is that the
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atter has a much higher amount of single ring aromatics and PAH

15,63,64] . A recent comprehensive combined experimental and

umerical study to assess the sooting propensity of 1-alkenes in

ounterflow diffusion flames at atmospheric conditions concluded

hat the PAH measured by LIF at 400 nm followed the ranking

-butene > propene > ethene [15] , pointing to the higher levels of

romatics formation in propene and 1-butene diffusion flames as

ompared to ethene flames. 

In the pyrolysis of propene, allyl radical, mainly formed through

-atom abstraction from the parent fuel by methyl and H atoms,

lays a central role for product formation [63] and eventually leads

o the formation of 1,3-butadiene. Similar to butane pyrolysis, 1,3-

utadiene leads to formation of stable aromatic species. In the

yrolysis of butene, decomposition products contain a considerable

uantity of 1,3-butadiene [64] . The importance of this is that a

adical addition to the terminal carbon atom in the 1,3-butadiene

olecule leads to formation of an adduct which is resonantly
tabilized. Resonantly stabilized radicals, due to lowered energy

equired, play a crucial role in formation and growth of stable

ix-membered ring species, as discussed in detail by Wang et al.

64] and Sinha et al. [65] . 

It should be noted here that in low pressure (40 mbar) rich pre-

ixed flames of butene isomers oxidation pathways were shown

o proceed through C 3 chemistry as well as C 4 [66] . It was em-

hasized that most of the benzene is formed through C 3 pathway

n rich premixed 1-butene flame [66] , in contrast to the dominant

 4 pathway found for benzene buildup in pyrolysis of 1-butene

64] . In another 1-butene pyrolysis study conducted at 9–16 mbar

ressure [67] , it is concluded that 1-butene is decomposed mainly

hrough two reaction sequences 1-C 4 H 8 → aC 3 H 5 → aC 3 H 4 →
C 3 H 4 → C 2 H 2 and 1-C 4 H 8 → saxC 4 H 7 → 1,3-C 4 H 6 → C 2 H 3 →
 2 H 2 , in which the former plays a more significant role. Although

he dominant routes of decomposition and of benzene buildup

n 1-butene pyrolysis have not been established yet firmly, there

eems to be a consensus in formation of a significant amount of

enzene [64,66,67] . 

In view of the nature of pyrolysis product compositions of

ropene and 1-butene discussed above, it would be instructive to

ook at the pressure sensitivities of soot production in aromatic

ydrocarbons. In experiments that involved doping methane dif-

usion flames with toluene at various pressures, it was shown that

he pressure dependence of soot becomes relatively weaker with

oluene addition to the base fuel in comparison to n -heptane ad-

ition [68] . Although soot formation studies with aromatic hydro-

arbons in high-pressure flames are scarce, there are pyrolysis and

ery rich premixed mixture studies with aromatic hydrocarbons

n shock tubes. Soot measurements in toluene-argon mixtures be-

ind reflected shock waves in the pressure range of 0.3–3 bar over

he temperature range of from 1500 to 2300 K showed a measur-

ble pressure effect [69] . However, in a similar shock tube study

f toluene pyrolysis, but over the pressure range of 2.5–10 bar, a

uch weaker pressure effect on soot yield was observed [70,71] .

hese two sets of studies imply that pressure sensitivity of soot

ield of toluene pyrolysis is present at lower pressures, up to 2–3

ar, however, between 2.5 and 10 bar little quantitative effect of

ressure was found [71] . In shock tube studies of benzene pyroly-

is, soot yield did not change significantly with pressure between 6

nd 60 bar [72,73] similar to toluene pyrolysis experiments [71] . 

Therefore, there is strong evidence that pressure dependence of

oot formation of single ring aromatic molecules is much weaker

han that of alkanes. Since, propene and 1-butene pyrolysis pro-

uces larger amounts of aromatic species than ethene pyrolysis,

ower sensitivity to pressure of aromatics could be the reason be-

ind the bahaviour observed in Fig. 19 . 

Another noticeable difference reported between the pyroly-

is products/intermediates of ethene and propene/1-butene is the

cetylene concentrations; acetylene in the ethene products was

ound to be in larger quantities than those in propene/1-butene

ecomposition intermediates [15] . Guo et al. [4] described the role

f acetylene in soot formation and argued that the rate of increase

f acetylene is relatively slower as well as the formation rate of

 atom with increasing pressure in ethene diffusion flames. This

anifests itself as a slower increase in acetylene addition than

AH condensation [4] which are considered as two of the ma-

or contributors to soot formation. As a consequence, soot produc-

ion by acetylene addition is the major route at atmospheric pres-

ure followed by PAH condensation and inception. It was further

rgued that the PAH condensation contribution increases much

aster as the pressure is elevated and may exceed the contribu-

ion of acetylene addition at high pressures [4] in ethene flames.

he acetylene concentrations were shown to be much lower in

ropene and 1-butene flames as compared to ethene flames at at-

ospheric conditions, the implication of this fact is currently not
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known at higher pressures due to a lack information of acety-

lene concentrations at elevated pressures in propene and 1-butene

flames. Lower acetylene concentrations imply a smaller contribu-

tion, through the HACA mechanism, to the high sooting tendencies

of propene and 1-butene in comparison to ethene at atmospheric

conditions; however, the main culprit could be the relatively larger

amounts of aromatics as the pyrolysis products in propene and 1-

butene [15,63,64] . 

Pressure sensitivity of soot yield in ethene flames was found

to be slightly higher than those of gaseous alkane (i.e., methane,

ethane, and propane) diffusion flames but comparable to that of

n -heptane flames [37] . However, the pressure sensitivity of soot

production in propene and 1-butene diffusion flames are much

lower than those of gaseous (i.e., methane, ethane, and propane)

and liquid alkane diffusion flames [37] . In view of the reasons dis-

cussed above for this unexpected behaviour of C 3 and C 4 olefins,

and the compelling evidence that pressure dependence of sooting

propensity of aromatics is not as strong as that of alkanes, raise the

question whether our current assessment of the effect of aromatic

compounds on soot aerosol emissions from diesel and gas turbine

engines should be reconsidered. It should be noted that there has

been some evidence obtained from diesel engine tests that show

very small effects of fuel aromatics on exhaust soot emissions,

see e.g., [74,75] . A similar observation, albeit relevant to premixed

conditions, was reported by Gao et al. [30] ; when a simple aro-

matic compound, toluene, is blended with n -alkanes, the premixed

combustion characteristics resemble more to those of n -alkanes

with reduced influence of the presence of aromatics in the fuel. 

The main observations of the current work and the sooting be-

haviour of single ring aromatics at elevated pressures reported pre-

viously and discussed above beg the question whether it is possi-

ble that more sooting fuels at atmospheric conditions would have

relatively weaker pressure sensitivities as compared to less sooting

fuels. More detailed high pressure studies involving highly sooting

fuels (and aromatics) at atmospheric conditions would be required

to confirm this possiblity. 

3.4. Uncertainty in measurements 

The maximum uncertainties shown as error bars in Figs. 8 and

19 were evaluated as 3.5% in temperature and about 40% in soot

measurements. Using the same experimental setup and data re-

duction methodologies as the current work, the inferred maximum

errors were similar in the previous work originating from this lab-

oratory [39,41–43,46,76] . It should be noted that a significant por-

tion of the evaluated uncertainties results from systematic errors.

The main component of the systematic errors in this case is the

uncertainty in the soot refractive index, and consequently the re-

fractive index absorption function E(m) , which would account for

70–80% of the total uncertainties in soot and temperature mea-

surements. A second component of the systematic errors originates

from the overall flame temperature drop with increasing pressure,

as discussed in Section 3.1 above. Systematic errors skew the data

in one direction, mostly by a scale factor; hence the observed

trends in comparisons of the data are not affected by the system-

atic errors. Therefore, the random error induced uncertainties are

relatively small and the comparative trends in measured quantities

are statistically sound, and the conclusions based on the observed

data trends for sooting tendency dependence of lower olefins on

pressure in the current study are reliable. We took the soot refrac-

tive index absorption function as 0.27 to have consistency with our

previous soot studies conducted at elevated pressures [41,42] . The

details of the uncertainty analysis methodologies adopted in this

work are available in studies reported previously [41,49] . 
. Conclusions 

The work reported here is an experimental study conducted

or the purpose of assessing the pressure dependence of soot in

aminar coflow diffusion flames of lower carbon number olefins,

amely ethene, propene, and 1-butene. Since the C 2 – C 4 olefins

re among the abundant products of higher alkane pyrolysis their

ooting behaviour with pressure is an important aspect in high

ressure combustion of hydrocarbon fuels. The pressure range was

rom atmospheric to 8 bar with ethene and propene flames, and

tmospheric to 2.5 bar with 1-butene flames. Temperature and

oot volume fraction fields were measured using spectral soot

mission technique in flames stabilized in a high-pressure combus-

ion chamber that was used previously for similar experiments. 

The main finding of the current experimental work is the re-

ults showing the relatively weaker dependence of soot produc-

ion on pressure in propene and 1-butene flames as compared to

thene flames. This unprecedented behaviour was argued to be an

rtefact of the formation of significant amounts of single ring aro-

atics and PAH as the pyrolysis products of propene and 1-butene.

revious studies indicate that the sooting propensities of single

ing aromatics show a very weak dependence on pressure in con-

rast to alkanes. 

Comparing the propene and 1-butene results to previous ex-

eriments with methane, ethane, and propane flames, the soot-

ng dependence of propene and 1-butene flames on pressure is

uch weaker than that of gaseous alkanes as well as n -heptane.

or ethene flames, between 1 and 3 bars the maximum soot yield

cales as ≈ P 2.5 and as the pressure is increased, dependence gets

eaker; between 4 and 8 bar it is ≈ P 1.3 . For propene and 1-

utene, on the other hand, scaling is ≈ P 1 from 1 to 2 bar, and

ith increasing pressure scaling approaches to P 0.4 . 

In studies assessing the particulate matter emissions from

iesel and gas turbine engines running on conventional middle-

istillate hydrocarbon fuels, most of the blame for particulates in

he exhaust has been assigned to the aromatic content (and the

lefinic content to a certain extent) of the liquid fuels. Reported

esults of the current study highlights the role played by lower

lefins in soot formation in combustion especially at elevated pres-

ures. Although the results and the ensuing arguments are mostly

ualitative, the relatively weak dependence of sooting in diffusion

ames of C 3 and C 4 olefins and aromatics on pressure would have

mportant implications on evaluating the particulate matter emis-

ions from gas turbines and internal combustion engines fuelled by

ydrocarbon-based liquid fuels. 

It should be emphasized that computations using detailed

hemistry suitable for high pressures should be pursued as a fu-

ure work for a better understanding of the observed fuel-specific

ressure sensitivity of soot formation. 
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