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a b s t r a c t 

Influence of ethanol addition on soot production in laminar diffusion flames of methane under elevated 

pressures was investigated experimentally. A high pressure vessel, equipped with a co-flow laminar dif- 

fusion flame burner having a 3 mm fuel nozzle diameter, was used for the soot experiments. The amount 

of ethanol in methane was 10% based on the total carbon of the fuel stream. Pressure range was from 

atmospheric to 6 bar. To have measurements to be comparable for the purpose of assessing the pres- 

sure dependence, the carbon mass flow rate of the ethanol and methane mixture was kept constant 

at 0.941 mg/s. Luminescent heights of the flames studied did not vary much with pressure excluding 

the heights of those at atmospheric pressure. Line-of-sight measurements of soot spectral emission were 

inverted by an Abel type algorithm, assuming axisymmetric flames, to evaluate variations of radial pro- 

files of temperatures, soot concentrations, and soot yields of neat methane and ethanol-doped methane 

with pressure. Ethanol-doped methane flames displayed higher soot concentrations than those of neat 

methane flames at all pressures considered in the study; however, pressure dependence of maximum 

soot volume fraction is almost the same for both neat methane and ethanol-doped methane. The results 

showed that the maximum soot volume fractions scale with pressure as P n , where n decreases from about 

2.5 to 1.8, from atmospheric to 6 bar. These exponents are similar to measurements reported previously 

in the literature for gaseous paraffinic hydrocarbons. Maximum soot yields, on the other hand, are al- 

most the same for both flames at 2 bar, but at 4 and 6 bar pressures ethanol-doped methane flames give 

higher maximum soot yields than neat methane flames. 

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

Bioethanol and biodiesel are the two major biofuels which are

widely available in the global fuel market. The former is mainly

manufactured by the fermentation of starch and sugar containing

biomass, and the latter from vegetable oils through transesterifica-

tion. Ethanol has been recognized for a long time as a hydrocarbon

fuel extender and, in some cases, a replacement fuel for ground

transportation. Combustion properties of ethanol, such as laminar

burning speed and extinction characteristics, have been the sub-

ject of several studies within the last several decades, see for ex-

ample [1–5] . One of the potential benefits of ethanol addition to

hydrocarbon fuels has been perceived as a reduction in soot for-

mation in non-premixed (diffusion) combustion systems. Most of

the time neat ethanol is thought as a nonsooting fuel when burned

at ambient conditions. But at a pressure of 3 bar, isolated ethanol
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iquid droplets displayed a profusely sooting flame shell under mi-

rogaravity [6] . Several studies focussing on the soot reduction

otential of ethanol addition to hydrocarbons have yielded some-

imes conflicting results. 

Influence of adding ethanol to an opposed jet diffusion flame

f ethylene in air was studied by McNesby et al. [7] by comparing

esults from numerical simulations with detailed chemical kinetics

o the experimental data. Addition of 8% ethanol to fuel side re-

ulted in an increase of soot production mainly via introduction of

ethyl radical, which is produced by the pyrolysis of ethanol and

eacts with propargyl to produce C 4 H 6 leading to increased pro-

uction of benzene. On the other hand, experiments and numeri-

al simulations on a flat premixed flame, with an equivalence ratio

f 2.34, implied that upon addition of ethanol the aromatic species

re reduced because of a reduction in available carbon to create

oot precursors [8] . McEnally and Pfefferle [9] demonstrated that

ddition of 10% ethanol to ethylene in a coflow laminar diffusion

ame increases the soot production, and they argued that ethanol

ecomposes to methyl radical favoring the production of propargyl

adical, C 3 H 3 , via addition reactions of C 1 +C 2 , leading to benzene
. 

https://doi.org/10.1016/j.combustflame.2018.04.001
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2018.04.001&domain=pdf
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Fig. 1. A schematic diagram showing the main components of the high-pressure 

experimental rig. 

e  

t  

fl  

t  

g  

s  

fl  

h

h

 

s  

e  

t  

6  

d  

l

2

 

1  

m  

s  

d  

r  

o  

9  

w  

b  

d  

fl  

c  

s  

T  

t  

n  

l  

t  

s

ormation subsequently through the self reaction of propragyl rad-

cals. Thermal decomposition products of ethylene would not in-

lude methyl radical, but most other alkane hydrocarbons produce

ethyl upon decomposition; therefore the observed increase in

oot in ethanol-doped ethylene flames is not expected to happen in

lkane flames [9] . A study by Salamaca et al. [10] on the effect of

thanol on soot in opposed jet ethylene–air diffusion flames con-

luded that up to 20% vol ethanol addition increases soot; higher

mounts of ethanol results in a decrease of soot production. The

uthors argued that ethanol, in amounts less than 20%, increases

he fuel reactivity in the pyrolysis region leading to increased rad-

cals enhancing PAH formation and growth. 

Maricq [11] and Khosousi et al. [12] studied the influence of

thanol addition to gasoline in coflow laminar diffusion flames and

oncluded that the soot reduction remains insignificant as long as

he ethanol in the blend is less than 50%. It was argued that, when

he ethanol in the blend is more than 50%, the observed reduction

n soot is due to the reduction in aromatics leading to a decrease

n soot inception and PAH condensation [12] . 

The influence of fuel chemistry on soot formation at atmo-

pheric conditions has been studied extensively, see, e.g. [13,14] ,

esulting in a better understanding of soot processes and develop-

ent of various soot models. However, combustion based prime

overs operate at pressures well above the atmospheric for con-

erns on the engine size and thermal efficiency. The response of

he most combustion events to changes in pressure is not mono-

onic because of the fact that most flame processes are governed

y chemical reactions whose rates are not linear. As a consequence,

t is not straightforward to project the atmospheric flame results

o the combustion events at elevated pressures with confidence.

igh pressure studies related to effect of ethanol addition on soot

re very limited. Influence of adding ethanol and methanol to ben-

ene on soot formation in shock tube pyrolysis was investigated by

renklach and Yuan [15] . In a wide temperature range from 1580

o 2395 K and at various alcohol to benzene ratios indicated that

thanol was more effective than methanol in reducing the soot

oncentrations. A reduction in H atoms and formation of OH radi-

als, that would attack the soot precursors and soot particles, were

rgued to be the main culprit in the soot reduction observed by

dding alcohols to benzene. It was pointed out that the role of H

toms in reactivating relatively stable aromatics to radicals, which

ould lead to the increased ring growth processes, was curbed by

he removal of H atoms upon alcohol addition. In another shock

ube pyrolysis study [16] , addition of ethanol to toluene at about

6% vol or higher suppressed soot; lesser amounts of ethanol addi-

ion enhanced soot production pointing to a synergistic effect. The

uthors argued that the synergistic effect is due to acetylene for-

ation during ethanol decomposition offsetting the roles of oxidiz-

ng species. Storch et al. [17] compared the soot volume fraction

easurements of identical isooctane and ethanol–isooctane blend

20% ethanol by liquid volume) sprays injected in to a combustion

essel at 8 bar, and showed that ethanol blend has a higher soot-

ng tendency than pure isooctane. The authors attributed this to

he relatively higher latent heat of ethanol leading to late evapora-

ion. 

It is not yet feasible to measure turbulent mixing rates in a

patially and temporally resolved manner in atmospheric turbulent

iffusion flames. When the pressure is added as another variable,

he situation gets compounded further; soot formation and oxida-

ion rates are altered and mixing rates are modified as a result

f changing turbulence field. However, relying on the approxima-

ions, like flamelet approaches, the information obtained from lam-

nar flame experiments can be utilized in handling the turbulent

ames [18] . Laminar diffusion flame experiments at high pres-

ures have the capability to isolate the chemical effects of pressure

hanges from the physical effects of turbulence provided that the
xperiments at various pressures are tractable. It should be noted

hat the high-pressure laminar diffusion flame studies in tractable

ames have been an increasing research effort recently and de-

ailed measurements in tractable flames are available for mostly

aseous fuels, see, e.g. [19–21] , however, information on the re-

ponse of sooting propensity of ethanol and ethanol/hydrocarbon

ames to pressure changes is lacking. It would be desirable to

ave the sensitivity of sooting propensity of ethanol and ethanol–

ydrocarbon blends to pressure. 

The ultimate aim of the current study is the evaluation of

ooting characteristics of laminar diffusion flames of methane and

thanol-doped methane at elevated pressures. Radially resolved

emperatures and soot volume fractions were measured up to

 bar pressure with ethanol-doped methane, and the results are

iscussed and compared to data from similar flames doped with

iquid hydrocarbons. 

. Experimental methodology 

A combustion chamber, capable of sustaining pressures up to

10 bar, was used to stabilize the laminar diffusion flames of

ethane and ethanol-doped methane at pressures from atmo-

pheric to 6 bar. The cylindrical combustion vessel has an internal

iamater of 24 cm and a height of 60 cm. It is fitted with three

adial observation ports mounted at 0 °, 90 °, and 180 ° to provide

ptical access to the chamber for line-of-sight measurements and

0 ° imaging and scattering experiments. A 3D translational stage,

ith a 5 μm movement precision in each direction and controlled

y three stepper motors, moves the combustion chamber to the

esired measurement location. A circular coflow laminar diffusion

ame burner with an exit fuel nozzle diameter of 3 mm and a

oflow air nozzle diameter of 25 mm, mounted in the high pres-

ure combustion chamber, was used for the current work, Fig. 1 .

he stainless steel burner rim is tapered to a fine edge to mitigate

he formation of any recirculation zones. Upstream of fuel and air

ozzles are fitted with porous metal inserts to provide uniform ve-

ocity profiles at the exit of the nozzles. Since extensive details of

his rig are documented in the literature before [19,20,22–27] , a

hort account of its main capabilities will be summarized. 
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Table 1 

Mass flow rates of co-flow air and the fuel stream components. f lc 
= percentage of carbon from ethanol; ˙ m CH 4 = methane mass flow 

rate; ˙ m C 2 H 5 OH = ethanol mass flow rate; ˙ m a = co-flow air mass flow 

rate. The carbon mass flow rate in both flames is kept constant at 

0.914 mg/s. 

Fuel f lc ˙ m CH 4 ˙ m C 2 H 5 OH ˙ m a 

(mg/s) (mg/s) (mg/s) 

CH 4 0 1.221 0 340 

CH 4 /C 2 H 5 OH 10 1.099 0.175 340 
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Fig. 2. Still pictures of the base fuel methane (a) and of the ethanol-doped methane 

(b) flames at various pressures. 
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For the radially resolved temperature measurements in the tar-

get flames, we used the soot spectral emission technique as de-

scribed by Snelling at. al. [28] . Soot volume fractions were inferred

from these temperature measurements. For obtaining the tempera-

tures and soot volume fractions in a radially resolved manner in an

axisymmetric laminar diffusion flame, the soot spectral emission

technique requires information collected at multiple wavelengths

[28] . Our current experimental setup includes a spectrometer at-

tached to a calibrated CCD camera for spectral emission measure-

ments. The blackbody radiation from the soot within the flame is

collected at the spectrometer after it passes through the collection

optics consisting of an adjustable aperture and a lens which fo-

cuses the radiation into the spectrometer. Output from the spec-

trometer is imaged onto the CCD camera as a line-of-sight radiant

emission intensities which are binned with 21 nm widths. Spectral

radiation data were collected at 100 μm increments in the hori-

zontal direction at a given height and at increments of 1 mm along

the vertical flame axis. For a given flame, the whole flame envelope

is mapped by recording multiple images with an exposure time of

about 1 s. For constructing the radially resolved temperatures and

soot volume fractions at 1 mm increments of the height above the

burner exit along the flame axis, an inversion algorithm was used

to process the spectrally-resolved line-of-sight radiation data. Fur-

ther details of the temperature and soot volume fraction measure-

ments using the soot spectral emission technique and the inversion

algorithm are documented in the literature, see e.g. [25,28,29] . 

Research grade methane, ethanol, and compressed air were

used for the experiments. Methane and compressed air were me-

tered by using mass flow controllers (Brooks SLA5850) which

were calibrated for the required mass flow rates using a posi-

tive displacement calibration unit (Mesalabs Bios DryCal Definer

220) whose accuracy is traceable to NIST. Ethanol, which was me-

tered by a liquid syringe pump (Teledyne), is fed to an evaporation

unit (Bronkhorst) that provides controlled evaporation and flow of

gaseous mixtures. The vapourized ethanol mixed with methane is

sent to the burner through a heated transfer tube to prevent con-

densation. The heated fuel transfer tube and the evaporator unit

were kept at 200 °C, as well as the co-flow air. 

To have measurements comparable at different pressures, the

carbon mass flow rates fed into the methane and ethanol-doped

methane flames were kept constant. Individual flow rates of

ethanol, methane, and co-flow air are listed in Table 1 . 

Keeping the fuel mass flow rates constant makes sure that the

residence times do not change with pressure, and the results can

be compared at a given flame height within the flames at differ-

ent pressures. The assumption here is that the soot data collected

at a particular height within the flame at different pressures can

be compared to assess the pressure sensitivity. This assumption is

based on the experimental and numerical studies which showed

that the height of a diffusion flame is not sensitive to pressure if

the flow field of the flame is buoyancy dominated . Under buoy-

ancy dominated conditions, residence times are proportional to

the square root of the flame height; therefore, equal flame heights

mean equal residence times. Experimental observations of lami-
ar diffusion flames at elevated pressures indicate that the cross-

ectional area of the flame at various axial heights shows an in-

erse proportionality to pressure, see, e.g. [20] . With increasing

ressure, the mass within the flame envelope is at a higher den-

ity, but the flow is through a smaller cross-section. It has been

hown that, keeping the mass flow rate of the fuel constant at dif-

erent pressures, the same centerline velocity along the flame axis

s achieved with changing pressure [27,30] . It should be noted that

he thermodynamic properties of liquid ethanol and the capabili-

ies of the evaporator unit limited the pressures for this work. The

apour pressure of ethanol and the maximum temperatures the

vaporator unit can handle were the major factors on the pressures

t which ethanol can be vaporized. 

. Results and discussion 

The geometric shape of the co-flow diffusion flame gets slim-

er with increasing pressure such that the flame’s radial cross-

ectional area at a given height along the flame centerline shows

n inverse proportionality to pressure [20,31] . Shapes of the

ames of methane and ethanol-doped methane shown in Fig. 2 are

ery similar to the flames reported previously from high pressure

xperiments. The luminescent flame heights showed an increase of

lmost 10% from 2 bar to 6 bar, however the stoichiometric heights

re expected to be invariant with pressure, see, e.g. [32] . Although

he soot levels were very low in pure methane and ethanol-doped

ethane flames at atmospheric pressure, the increasing luminosity

f the flames with increasing pressure indicate the soot concentra-

ions are getting higher from 2 bar to 6 bar, Fig. 2 . A qualitative

omparison of the luminosities of the methane and ethanol-doped

ethane flames shows that in ethanol-doped flames the soot re-

ion, marked by yellow, appears slightly closer to the burner rim.

Fig. 2 ). 

Soot volume fraction profiles of base methane and ethanol-

oped methane flames at 2 bar pressure are displayed in Figs. 3
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Fig. 3. Soot volume fraction profiles along the radial distance in base methane 

flame at 2 bar pressure. HAB represents the height above the burner exit along 

the flame centerline. 
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nd 4 , respectively, at various heights above the burner exit to pro-

ide a quantitative comparison. The general appearance of the ra-

ial soot volume fraction distributions at various heights is typ-

cal of laminar co-flow diffusion flames; maximum soot appears

t a radial distance from the flame centerline at lower heights

nd it moves towards the centreline with increasing height. At all

eights above the burner exit, ethanol-doped methane flame dis-

lay higher soot volume fractions than the base methane flame

p to about 30%. In base methane flame, the maximum soot vol-

me fraction is about 1.6 ppm at a height of 16 mm, whereas

n ethanol-doped methane flame maximum soot is 2.1 ppm at a

eight of 14 mm, Figs. 3 and 4 . At 6 bar pressure, maximum soot

olume fractions show an almost ten fold increase as compared to

 bar results, Figs. 5 and 6 . Maximum soot volume fractions are ob-

erved at the height of 14 mm in both flames; it is about 15 ppm
n the base methane flame and just over 20 ppm in ethanol-doped

ethane flame, Figs. 5 and 6 . 

Comparing the radial soot profiles depicted in Figs. 5 and 6 ,

ne can notice that soot volume fractions at the lower heights and

long the flame centerline are similar in undoped and ethanol-

oped flames. Major differences seem to be limited to a radial

ing around the flame centerline with radius from 0.5 to 1.2 mm.

his implies that ethanol addition to methane influences mainly

he soot growth region of the flame. 

To have an overall picture of the comparison of the two flames

rom atmospheric to 6 bar, maximum soot volume fractions are de-

icted as a function of pressure in Fig. 7 on logarithmic scales. In-

uence of 10% carbon from ethanol in methane on soot volume

ractions is displayed in Fig. 7 . In the pressure range considered

n this work, ethanol-doped methane flames produced consistently

igher maximum soot concentrations than base methane flames.
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To provide visual help in assessing the sensitivity of the maximum

soot volume fractions to pressure, reference slopes for guidance are

included in the plot, Fig. 7 . Variation of the maximum soot vol-

ume fraction with pressure in methane flames is similar to those

in ethane [20] and propane flames [33] when scaled appropriately

[22] . With the addition of ethanol to methane the pressure sensi-

tivity of the maximum soot volume fraction did not show any sig-

nificant change, Fig. 7 . In a previous study, liquid fuels n -heptane

or toluene were added to methane, such that 7.5% carbon was from

the liquid fuel. The pressure sensitivity of the n -heptane-doped

methane flame was similar to that of the neat methane flame,

whereas the toluene-doped methane flame displayed a relatively

weaker dependence on pressure [34] . 

When pressure is changed, the volume of the flame gas is com-

pressed accordingly whereas the soot volume is not affected; as a

consequence, soot volume fraction may not be a good metric to

assess the influence of pressure. The common practice is to use

soot yield as an indicator to evaluate the pressure dependence of

soot processes. Soot yield represents the fraction of the fuel’s car-

bon observed as soot at a given location within the flame envelope.

The definition of the soot yield assumes that measured soot con-

sists of carbon only. At a given axial cross section along the flame

axis, one can estimate the mass flow of soot, ˙ m s , if the velocity

field and the radial distribution of the soot volume fraction at that

cross section are known, i.e., 

˙ m s (z) = ρs 

∫ 
2 π r f v (r, z) v (r, z)d r (1)

In Eq. (1) , ρs is the soot density, f v is the soot volume fraction,

v is the velocity, and r and z are the radial and axial coordinates,

respectively. Eq. (1) assumes that the density of soot is constant

within the flame envelope. We took the soot density as 1.8 g/cm 

3 

to have comparable data with our previous studies [19,29] . De-

tailed numerical simulations of co-flow laminar diffusion flames at

pressure showed that it is possible to represent the velocity field

by (2 az ) 1/2 , in which a is a buoyancy-driven acceleration which can

be approximated by a ≈ 41 m/s 2 and the further details can be

found in [32,35] . Then, one can estimate the soot yield, Y s , from 

 s = 

˙ m s (z) / ˙ m c (2)

where ˙ m c is the mass flow of carbon in the fuel at the burner exit.

Mass flow rate of carbon was kept constant as 0.914 mg/s in this

study. Eqs. (1) and ( 2 ) were used to infer the soot yields from soot
olume fraction distributions and the results are plotted in Fig. 8

or the two flames at various pressures along the height above the

urner. Ethanol-doped methane flame displays slightly higher soot

ields at 1 bar, and at 2 bar both flames seem to produce simi-

ar soot yields; however at 4 and 6 bar, ethanol-doped methane

ames display higher soot yields. It is apparent in Fig. 8 that maxi-

um soot yield location moves slightly upstream in ethanol-doped

ethane flames. 

To have a direct comparison, maximum soot yields from the

ata given in Fig. 8 are replotted in Fig. 9 . The maximum soot

ields of methane and ethanol-doped methane flames indicate that

t 2 bar maximum soot yields are almost the same, except that

aximum soot yield is realized earlier in ethanol-doped flames, as

epicted in Fig. 8 . Soot concentrations are relatively low at 1 bar

ushing the limits of soot spectral emission technique, therefore
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Fig. 10. Soot temperatures in methane and ethanol-doped methane flames at 1 and 

6 bar pressures along the flame axis. Temperatures represent line-of-sight averaged 

values across the corresponding flame diameter. 

t  

b  

i  

b  

fl  

m  

A  

n  

e  

m

 

F  

s  

w  

f  

w  

i  

s  

t

 

a  

e  

s  

h

 

g  

t  

I  

p  

S  

2  

d  

o  

fl  

O  

m  

t  

h  

t  

l  

T  

e  

t

 

fl  

d  

T  

w  

e  

i  

t  

f  

s  

r  

t  

m  

i  

s  

w  

d  

s  

C  

h  

e

 

t  

m  

a  

a  

t  

t  

[  

o  

m  

t  

o  

S  

f  

n  

t  

d  

s  

F  

p  

i  

a  

i

4

 

i  

m  

c  

u  

p  

t  

o  

s  

e  

c  

m  

e  

fl  

s  

d  

g  
he errors involved are the largest and the 1 bar results should

e treated with caution. At 4 and 6 bar pressure flames, max-

mum soot yields of ethanol-doped methane flames are higher

y about 16% and 25%, respectively, than those of neat methane

ames, Fig. 9 . Also plotted in Fig. 9 are the maximum soot yields of

ethane and n -heptane-doped methane flames adopted from [34] .

 direct comparison of results from [34] to the current study may

ot be possible since the fuel flow rates are not the same. How-

ver, a qualitative comparison reveals that n -heptane addition to

ethane increases soot much more than ethanol addition. 

The apparent inconsistency between the trends observed in

igs. 7 and 9 can be explained by considering the definition of the

oot yield, Eq. 1 . Maximum soot volume fraction is a local quantity

hereas maximum soot yield represents integrated soot volume

raction across the flame radius at the height above the burner

here it peaks. This means that two flames with identical max-

mum soot volume fractions could have very different maximum

oot yields if the radial soot volume fraction distributions are not

he same. 

Salamanca et al. [36] observed a slowdown of soot formation

nd growth upon addition of ethanol in rich premixed flames of

thylene. In contrast, in diffusion flames of ethanol-doped methane

oot formation and growth show an enhancement, especially at

igher pressures. 

Line-of-sight averaged flame temperatures, obtained by inte-

rating the radially resolved temperatures over the flame diame-

er, are shown in Fig. 10 along the flame centerline at 1 and 6 bar.

t is clear from Fig. 10 that the line-of-sight averaged flame tem-

eratures of both flames are almost identical at a given pressure.

ince the flame temperature of ethanol is expected to be about

0–25 K higher than that of methane under the same initial con-

itions, with the addition of ethanol to methane, to replace 10%

f the methane’s carbon with ethanol carbon, would increase the

ame temperature of ethanol-doped methane by a few degrees.

n the other hand, relatively higher soot loading of ethanol-doped

ethane flame would experience a slightly higher heat loss from

he flame as a consequence of soot radiation. These two effects,

igher flame temperature of ethanol and relatively higher radia-

ive heat loss from ethanol-doped flame, seem to cancel each other

eading to the very similar temperature profiles shown in Fig. 10 .

his ensures that, to a first approximation, at a given pressure the
ffect of any temperature difference on the soot processes in the

wo flames considered here could be neglected. 

In the fuel decomposition of the ethanol-doped methane

ames, the ethanol component of the fuel stream is expected to

ecompose earlier at a relatively lower temperature than methane.

he main decomposition products of ethanol in a shock tube study

ere identified as C 2 H 4 , CH 3 , CHO, CH 4 , and C 2 H 2 , in addition to

thanol and water [37] . In a similar shock tube investigation [38] ,

t was found that the major pyrolysis products of ethanol are wa-

er and C 2 H 4 ; most of the observed C 2 H 2 is argued to be produced

rom C 2 H 4 via subsequent reactions. Previous studies that showed

ynergystic effects pointed to production of CH 3 from ethanol py-

olysis in ethanol-doped ethylene flames [9] , and C 2 H 2 produc-

ion in pyrolysis of ethanol–toluene mixtures [16] . Current experi-

ental results are not amenable to pass judgement whether there

s a synergystic effect involved in ethanol-doped methane diffu-

ion flames mainly due to the unavailability of reference soot data

ith neat ethanol. Production of CH 3 and C 2 H 2 as some of the

ecomposition products of ethanol could be suspected to lead to

ome synergistic effects; however, methane itself decomposes to

H 3 and C 2 H 2 [39] , among other species, although at a relatively

igher temperature than ethanol, which may not lead to any syn-

rgy [9] . 

The maximum uncertainty in inferring the temperatures from

he spectral radiation measurements was evaluated as 3.5%. The

aximum total uncertainty in soot measurements was estimated

s 40%.These maximum uncertainties are shown in Figs. 7 and 10

s error bars. In our previous studies using the same diagnos-

ics and analysis methods with various fuels at high pressures,

he estimated maximum uncertainties were similar to current ones

19,20,23,25,29,33] . It should be noted that a significant portion

f the evaluated uncertainties results from systematic errors. The

ain component of the systematic errors in this case is the uncer-

ainty in the soot refractive index which would account for 70–80%

f the total uncertainties in soot and temperature measurements.

ystematic errors skew the data in one direction, mostly by a scale

actor; hence the observed trends in comparisons of the data are

ot affected by the systematic errors. Consequently, the uncertain-

ies originating from random errors are relatively small and the

ata trends observed in this study are statistically sound. As a re-

ult, conclusions reached from the presented results are reliable.

or consistency, we used the same soot refractive index as in our

revious high pressure soot studies [20,29] , and the soot refractive

ndex function was taken as 0.27. The details of the uncertainty

nalysis methodologies adopted in this work are available in stud-

es reported previously [28,40] . 

. Conclusions 

Effect of ethanol blending on soot production was investigated

n coflow laminar diffusion flames stabilized at pressures from at-

ospheric to 6 bar in a constant volume combustion chamber. The

hamber and the co-flow laminar diffusion flame burner had been

sed before for measurements of soot and temperature in high

ressure flames. Base fuel was methane and ethanol was blended

o methane such that 10% of the carbon in the fuel stream would

riginate from the ethanol. Mass flow rate of carbon in the fuel

treams was kept constant at 0.942 mg/s for base methane and

thonol-doped methane flames so that the measured data could be

ompared for the assessment of pressure dependence of soot. Lu-

inescent flame heights showed about 10% change from 2 to 6 bar,

xcepting for the atmospheric ones, however, the stoichiometric

ame heights are expected to be invariant ensuring almost con-

tant flame residence times. Assuming axisymmetry, line-of-sight

ata of soot spectral radiation were inverted through an Abel al-

orithm to infer the radial temperature profiles at 1 mm inter-
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vals along the flame axis. From the temperature data soot volume

fractions, soot yields, and line-of-sight averaged soot temperatures

were derived for methane and ethanol-doped methane flames at

1, 2, 4, and 6 bar. Ethanol-doped methane flames displayed higher

soot concentrations than those of neat methane flames at all pres-

sures considered in the study; however, pressure dependence of

maximum soot volume fraction is almost the same for both neat

methane and ethanol-doped methane. The results showed that the

maximum soot volume fractions scale with pressure as P n , where

n decreases from about 2.5 to 1.8 from atmospheric to 6 bar which

are similar pressure exponents to those reported previously for

gaseous paraffinic fuels. A comparison of the maximum soot yields

indicated that at lower pressures the two flames show a similar

behaviour, however, at 4 and 6 bar pressure flames, maximum soot

yields of ethanol-doped methane flames are higher by about 16%

and 25%, respectively, than those of neat methane flames. A qual-

itative comparison to the soot yield of flames of methane doped

with n -heptane showed that the increase in soot yield of ethanol-

doped methane flames was relatively smaller. Since ethanol is be-

ing used widely in various countries as a fuel additive or extender,

a better description of its sooting characteristics is desirable. Fur-

ther high-pressure experimental studies with ethanol-doped hy-

drocarbon flames, complemented by numerical modelling, are re-

quired to bring a better insight into the pressure sensitivity of

ethanol’s sooting propensity, and extent of any synergistic effects. 
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