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An experimental investigation has been performed where the influence of metal salts on soot formation 

has been studied. By combining two-dimensional laser-induced incandescence (LII) and elastic light scat- 

tering (ELS), two-dimensional information could be obtained on soot properties in the flames. For these 

studies, seven metal salts (NaCl, MgCl 2 , AlCl 3 , KCl, CaCl 2 , FeCl 3 and ZnCl 2 ) were dissolved in water and 

aspirated into a premixed ethylene/air flame. At lower flame heights, in the soot inception region, the LII 

signal (representing soot volume fraction) was marginally affected by all additives, whereas the ELS sig- 

nal strongly decreased with increasing additive concentration for the alkali salts. At higher heights, in the 

soot growth region, the soot volume fractions were lowered for the addition of potassium, calcium and 

sodium chloride, in order of significance. Some of the salts (MgCl 2 , AlCl 3 and FeCl 3 ) resulted in negligible 

influence on LII signals and slightly higher ELS signals throughout the flames, and we relate the increased 

ELS signals to salt particles propagating through the flame. Main focus in our study was on the addition 

of potassium chloride for which several parameters were investigated. For example, soot primary par- 

ticle sizes were evaluated using combined LII and ELS, showing decreasing particle sizes for increasing 

concentrations of potassium, in reasonable agreement with particle sizes evaluated using transmission 

electron microscopy. Also, CARS thermometry showed slightly higher flame temperature, ∼30 K, for the 

potassium-seeded flame compared to the reference flame. 

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

Soot emissions are known to have negative impact on human

health [1] as well as on environment and climate [2] . A serious

climatological effect is global warming, and knowledge on the im-

pact of soot on this phenomenon has increased in recent years.

Soot is now believed to be one of the main contributors, along

with carbon dioxide and methane, to global warming [2,3] . This

effect is mainly combustion-related due to the extensive use of

fossil fuels. The future direction globally is toward replacing fossil

fuels with renewable sources, e.g. by using biomass fuels in com-

bustion and gasification. These fuels, however, show large varia-

tion in concentration of ash-forming compounds, of which metal

compounds constitute the major part. For example, stem wood has

low concentrations of these compounds. Bark, on the other hand,

has metal concentrations of several percent [4] . The influence of

various metals on the soot formation may, at least partly, explain

why gasification of different biomass sources lead to various soot

concentration levels under the same fuel-to-air ratios [5] . Hence
∗ Corresponding author. 
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t is of great interest to gain better understanding of the role of

etal compounds in soot formation processes. In order to gain ba-

ic knowledge on characteristics in real-world gasifiers, simplified

aboratory systems such as premixed and non-premixed flames can

ive valuable information, which is not distinguishable in large

cale experiments. 

It is well-known, since the middle of the last century, that

etal additives could have a pronounced effect on soot forma-

ion [6] . In the subsequent decades after this observation, differ-

nt additives were tested in gas turbines [7] as well as in diesel

ngines [8] , and depending on the additive used, soot formation

ould be either promoted or reduced. One of the earliest system-

tic investigations with metal salts and salt solutions introduced to

ooting flames was presented in 1971 by Cotton et al. [9] . In this

ork they investigated propane diffusion flames using gravimetric

oot sampling and direct observations of flame height. The results

howed that especially alkali and alkaline earth metals decrease

he amount of soot significantly. In the following year, Salooja et

l. [10] presented results based on sampling showing inhibition of

arbon formation when metals were placed in the reaction zone

f the investigated flame. In 1975, Bulewicz et al. [11] investigated

he effect of metal additives on soot formation in diffusion flames
. 

https://doi.org/10.1016/j.combustflame.2017.11.020
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2017.11.020&domain=pdf
mailto:johan.simonsson@forbrf.lth.se
https://doi.org/10.1016/j.combustflame.2017.11.020
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f acetylene and propane using gravimetric sampling for soot con-

entration and TEM for particle sizing. They suggested that ionic

pecies rather than neutral ones were responsible for the observed

ffects of either soot promotion or soot reduction. 

The first measurements investigating the influence of salts on

oot formation using optical diagnostics were presented by Haynes

t al. in 1979 [12] for premixed ethylene flames and in 1981 for

remixed benzene flames [13] . In these studies, soot concentra-

ion and particle sizes were evaluated from combined elastic light

cattering and extinction measurements. In the paper from 1979,

aynes et al. showed that introducing alkali metals (Na, K, and Cs)

o the flame significantly reduced the scattered light, where ce-

ium showed the strongest effect, followed by potassium and then

odium. In comparison to the scattering measurements, the extinc-

ion measurements only showed small variations when adding al-

ali metals. By combining the data from extinction and scatter-

ng measurements, they concluded that particle sizes decreased

arkedly with increased concentration of the additive, especially

or potassium. Of the investigated alkaline earth metals (Ba, Sr and

a), only additives of barium to the sooting flame led to the same

trong soot suppression effects as the alkali metals, while the addi-

ives strontium and calcium led to a decrease in scattering of the

ame magnitude as the decrease in extinction. Similar measure-

ents were performed in benzene flames seeded with a variety

f metals including several alkali and alkaline earth metals [13] .

he results showed the same trends as for the measurements per-

ormed in ethylene flames. 

In a review paper by Howard and Kausch [14] from 1980, they

iscuss three main mechanisms for how different additives impact

he soot formation in flames. The first mechanism, also known as

n ionizing mechanism, occurs mostly for metals which ionize sig-

ificantly in the flame due to their low ionization potential, e.g.

odium and potassium. It is speculated that this ionization may

ower the coagulation and nucleation rates resulting in lower soot

oncentrations and smaller sizes. Investigations of additives show-

ng behavior according to the first mechanism can be found in, for

xample, the work presented earlier by Haynes et al. [12] and also

y Bonczyk et al. in [15,16] . For example, Bonczyk [16] shows a

lear correlation between decreasing particle sizes and lower ion-

zation potential in his studies using various alkali additives. In the

econd mechanism presented in [14] , the additives together with

he flame gases create hydroxyl radicals which lower the amount

f soot and precursors of soot. The second mechanism affects the

ame for additives such as barium, calcium and strontium. Mea-

urements in flames using, e.g., calcium and barium additives have

een performed both by Haynes et al. [12] and by Bonczyk et al.

17] showing decreased concentrations of soot. The third mecha-

ism affects the soot formation in flames when metals such as

anganese, iron, cobalt, and nickel, are used. These metals are

peculated to increase the oxidation rate of soot late in the flame

secondary flame zone). Only marginal effects are often found in

he primary flame zone. 

It is not certain that a specific metal always affects soot forma-

ion in a distinct way, since the effect may be related to, for exam-

le, flame type and in what configuration the metal is introduced

o the flame. As an example, in studies of iron additives to flames,

he effect on soot formation has depended strongly on how the

ron atom was bonded in a molecule before entering the flame, see

or example [18–22] . In a TEM study conducted by Wong [19] , it

as found that ferrocene only had a marginal influence in reducing

he particle sizes of the soot, while ferric acetylacetonate signifi-

antly reduced the soot particle sizes. In work by Hahn and Char-

lampopoulos [20] , where they studied the effect of iron pentacar-

onyl additive, they conclude that iron will nucleate as iron oxide

rior to soot inception and thereby provide a location for soot in-

eption and deposition, which could explain the measured increase
n soot concentration found. Feitelberg et al. [22] also showed re-

ults from extinction and scattering measurements that indicate an

ncrease in soot volume fractions for added ferrocene. They discuss

hy well known soot suppressors, such as iron and manganese,

ould result in an increased soot concentration. A plausible expla-

ation is that initially when the flame is fuel-rich, the additives

ay increase the amount of soot, while it can catalyze the soot

xidation later in the flame. 

In the present work the influence on the soot formation of

even metal salts aspirated into a premixed ethylene/air flame has

een investigated, where a limited part was presented previously

23] . The work focuses on the use of advanced optical methods,

nd for the first time laser-induced incandescence (LII) has been

sed for study of the influence of additives on soot formation. The

II technique allows extraction of two-dimensional information of

oot volume fractions. Also elastic light scattering (ELS), extinction

easurements, and transmission electron microscopy (TEM) have

een used, the latter to study the morphology of sampled soot.

n our previous paper by Simonsson et al. [23] , we presented re-

ults from laser measurements showing a significant decrease in

oot volume fraction when adding potassium chloride, while there

as only a marginal influence, a slight increase, on the soot vol-

me fraction resulting from adding iron (III) chloride to the flame.

he optical results indicated that the soot particles were smaller

or the potassium-seeded flames, which were also supported by

EM measurements. In the present paper, more extensive results

re presented from the seeding of all seven salts along with fur-

her evaluation of the results of potassium chloride. For the potas-

ium chloride-seeded flames we present evaluated soot primary

article sizes based on combined LII and ELS measurements, and

 discussion of how measurements of the depolarization scattering

atio can be used to estimate the influence of fluorescence from

AHs and soot precursors on the ELS signal. Furthermore, measure-

ents by coherent anti-Stokes Raman spectroscopy (CARS) were

erformed to study the influence of potassium on the flame tem-

erature. We also discuss scattering effects from the salt particles

hemselves as well as study the soot oxidation effects caused by

he more diffusion-like flame at the edges of the investigated pre-

ixed flame. 

. Theoretical considerations 

In this work, mainly three laser diagnostic techniques have

een used; laser-induced incandescence (LII), elastic light scatter-

ng (ELS) and extinction. In this section, these techniques will be

riefly described and some theory needed for evaluation will be

resented. 

Laser-induced incandescence is a technique for soot concentra-

ion measurements, where the energy of the incident laser pulses

s absorbed by soot particles, resulting in an increase in tempera-

ure to about 40 0 0 K and thereby also increase of the Planck ra-

iation [24,25] . This increased Planck radiation from the heated

oot on top of the natural flame luminosity is called the LII signal.

he LII signal has been shown to be approximately proportional

o the soot volume fraction when applied in flames [26] . How-

ver, using LII by itself cannot measure quantitative soot volume

ractions without being calibrated using a secondary technique. In

he present work, extinction has been used to calibrate the LII sig-

al to soot volume fractions. LII can also be used for temperature

easurements using 2-color pyrometry [27] , and for particle size

easurements from fitting of experimental LII signal decay curves

sing theoretically modeled curves [28,29] . 

Extinction is a line-of-sight technique, where the laser inten-

ity attenuation, in this case caused primarily by absorption in soot

articles, is measured. The initial intensity, I 0 , and the transmit-

ed intensity, I , can be used to evaluate the extinction coefficient,



190 J. Simonsson et al. / Combustion and Flame 190 (2018) 188–200 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a  

s

S  

S  

S  

w  

v  

s  

c  

t  

t

 

t  

t  

d  

m  

E  

g  

f  

o  

f

3

 

w  

b  

N  

b  

g  

m  

f  

t  

c  

f  

m  

u  

s  

p  

5  

t  

o  

f  

s  

w

 

f  

s  

t  

m  

0  

h  

w  

E  

h  

a  

s  

t  

m  

f  
K ext , using the Beer–Lambert law, I = I 0 e 
−K ext L , where L is the ab-

sorption length. By assuming that the primary soot particles are

spherical and the measurements take place within the Rayleigh

limit, i.e. that the soot particles are much smaller than the inci-

dent laser wavelength, then it is common practice to neglect the

scattering contribution to the extinction, i.e., the absorption coef-

ficient, K abs , is equal to the extinction coefficient. However, if the

particles start to aggregate and reach larger sizes, this assumption

may be violated. For soot particles and aggregates of arbitrary size

and shape, the theory of absorption and scattering is complex and

calculations do often require numerical approaches [30–32] . The

Rayleigh–Debye–Gans (RDG) approximation can often be used with

satisfactory accuracy [33] . In this approximation, the absorption

cross section is given by the absorption cross section for the indi-

vidual soot particles multiplied by the number of soot particles per

aggregate. The absorption will therefore be expected to be volume

dependent, which is a reality in the Rayleigh limit. The expression

for the absorption coefficient valid in the Rayleigh limit, should

therefore also be valid in the RDG approximation. The absorption

coefficient according to Rayleigh theory for isotropic spheres is de-

fined according to: 

K abs ( = K ext ) = −π2 

λ
Im 

(
m 

2 − 1 

m 

2 + 2 

)
N d 3 . (1)

where, λ is the laser wavelength, m is the complex refractive in-

dex, N is the particle number concentration, and d is the primary

particle diameter of the soot [30] . The factor −Im ( m 

2 −1 
m 

2 +2 
) is often

denoted E ( m ) which will be used from this point forward. The soot

volume fraction, f v , is defined: 

f v = N 

πd 3 

6 

. (2)

By combining Eqs. (1) and ( 2 ) and the Beer–Lambert law, the fol-

lowing expression can be derived from which the soot volume

fraction can be calculated based on the experimentally measured

extinction coefficient; 

f v = 

K ext λ

6 π E ( m ) 
. (3)

The third technique used is elastic light scattering, which is a tech-

nique where the scattered light intensity at the same wavelength

as the laser wavelength is measured. In this work, all scatter-

ing results are presented as Q vv -factors (unless otherwise stated),

where the “v” represents the polarization of the measured and in-

cident light, in this case both vertical. The Q vv factor can for non-

aggregated particles [31,34] be expressed as: 

Q vv = N 

(
2 π

λ

)4 
(

d 

2 

)6 ∣∣∣∣m 

2 − 1 

m 

2 + 2 

∣∣∣∣
2 

. (4)

The factor | m 

2 −1 
m 

2 +2 
| 2 is sometimes referred to as F ( m ), which is the

expression that will be used further on in the present paper. If par-

ticle aggregation is taken into account, then Eqs. (2) and ( 3 ) have

to take the number aggregate concentration, N a , and the number of

primary particles per aggregate, n , into account according to RDG-

theory [31] giving the new expressions: 

Q vv = N a n 

2 
(

2 π

λ

)4 
(

d 

2 

)6 ∣∣∣∣m 

2 − 1 

m 

2 + 2 

∣∣∣∣
2 

S ( q ) (5)

f v = N a n 

πd 3 

6 

(6)

where S ( q ) is the structure factor of the aggregate. The structure

factor is described by different expressions depending on size and

magnitude of the scattering wave vector. In the Rayleigh, Guinier
nd power law regimes respectively, the structure factor is de-

cribed according to: 

 ( q ) = 1 q R g � 1 (7a)

 ( q ) = 1 − q 2 R 

2 
g 

3 

q R g � 1 (7b)

 ( q ) = C ( q R g ) 
−D f q R g > 1 (7c)

here R g is the radius of gyration, and 

�
 q is the scattering wave

ector, where the inverse of q represents the length scale of the

cattering experiment. C represents a coefficient determining the

ut-off level between the Guinier and power law regime and D f is

he fractal dimension. For further discussion regarding scattering

heory and background reading, see a review by Sorensen [31] . 

From Eq. (2) it is clear that the LII signal, which is proportional

o the soot volume fraction, has a power dependence of three to

he primary particle diameter. For the ELS signal, Eq. (4) , the power

ependence of the particle diameter is six, which makes ELS much

ore sensitive to changes in particle sizes. By combining either

qs. (2) and ( 4 ), or Eqs. (5) and ( 6 ), depending on whether aggre-

ation is taken into account, it is possible to derive particle sizes

rom the combined LII and ELS measurements. More information

n measurements and evaluation performed using this method can

or example be found in [35,36] . 

. Experimental setup 

In Fig. 1 the experimental setup ( Fig. 1 a) is presented along

ith an image of the reference flame ( Fig. 1 b) and an image of the

urner head ( Fig. 1 c). The setup consisted of two laser systems, one

d:YAG laser (Quantel Brilliant B) together with a frequency dou-

ling unit for the LII and ELS measurements and one diode laser

iving a laser beam at a wavelength of 850 nm for the extinction

easurements. The LII measurements were performed using the

undamental output of the Nd:YAG laser at 1064 nm for heating

he soot particles and thereby inducing the LII signal, which was

ollected using an ICCD-camera with a short-pass filter placed in

ront with a cut-off wavelength of 425 nm. For the ELS measure-

ents the second harmonic of the Nd:YAG laser at 532 nm was

sed. The same camera was used for detecting the elastic light

cattering at 532 nm, however the short-pass filter was here re-

laced by a polarizer, an interference filter with transmission at

32 nm (FWHM: 2.5 nm), and optionally neutral density (ND) fil-

ers with suitable optical density to maximize the dynamic range

f the camera. The measurements of LII and ELS were not per-

ormed simultaneously, which is acceptable as the flame is very

table. The laser beam not in use was blocked using a beam dump

hen the other laser beam was used for measurements. 

Calibration of the LII signals to soot volume fractions was per-

ormed as described in relation to Eq. (3) using extinction mea-

urements. A diode-laser wavelength of 850 nm was selected in

he infrared spectral region to avoid absorption by polycyclic aro-

atic hydrocarbons [37] . The absorption function, E ( m ) was set to

.35 according to our previous work in similar flames [38,39] . It

as been shown that E ( m ) in this type of sooting flame increases

ith flame height as the soot becomes more mature, however,

 ( m ) and its variation in the present flame is not known, and we

ave set E ( m ) to 0.35 as this is the most relevant choice. However,

ny choice of E ( m ) introduces uncertainties in the estimation of

oot volume fraction as discussed in Section 4.3 . For calibration of

he ELS signals from soot, the ELS signals from pure nitrogen were

easured at 295 K and atmospheric pressure, for which the scatter

actor, Q vv , is measured to be 1.55 × 10 −6 m 

−1 sr −1 at 532 nm [40] .
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Fig. 1. (a) Sketch of the experimental setup used during the experiments and (b) an image of the reference flame with an overlapped mm-grid and (c) a photo of the burner 

head. 
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For further information regarding the present setup, see our

revious publication [23] . For more detailed information regard-

ng the LII and ELS setup, see for example [25,38] , and for detailed

iscussion regarding the extinction measurements, see [37] , where

ensitivity and accuracy of the extinction measurements are dis-

ussed. 

The measurements were performed in a premixed ethylene/air

ame on a modified PerkinElmer burner, which can be seen in

ig. 1 c. This is a water-cooled burner where the fuel, oxidizer and

o-flow passes through a mesh with holes of approximately 1 mm

n diameter and depth of 20 mm. The mesh has ha diameter of

5 mm, which includes both the flame region and the co-flow re-

ion. The center part, i.e. where the premixed ethylene/air passes

he mesh has a diameter of 23 mm. More details about the burner

an be found in [41] . The flame was operated with an equivalence

atio, φ = 2.6. The flow of ethylene was set to 0.27 l/min and the

ow of air was set to 1.5 l/min. These flows are defined for 273 K

nd 1 atm. A co-flow of air was introduced around the flame,

ith a flow of 5 l/min to increase stability. A flame stabilizer of

tainless steel was placed with its lower edge at a height of 21 mm

bove the burner surface. 

The modified PerkinElmer burner allows seeding of various so-

utions in the oxidant air. The solution carried by the oxidant air

omes in contact with an impact bed and a flow spoiler, which

nly allows small aerosols to the burner head. For more details and

mages regarding the seeding procedure, see [41] . In the present

ork, the solutions consisted of either distilled water (for the ref-

rence flame) or distilled water with various added metal salts at

ifferent concentrations (0.01 M, 0.1 M and 1 M). The investigated

alts were NaCl, MgCl 2 , AlCl 3 , KCl, CaCl 2 , FeCl 3 and ZnCl 2 and the

mount of solution seeded into the flame was approximately 3 ml

er h. For a 1 M salt solution, this corresponds to a salt concen-

ration of ∼1.7 × 10 16 cm 

−3 , which is equivalent to approximately

00 ppm in the flame. 

The soot samples studied using transmission electron mi-

roscopy (TEM) were collected inside the flame using carbon-

oated copper grids attached to a pneumatic probe. The residence

ime for the probe inside the flame was approximately 100 ms, and

he soot was collected based on thermophoresis. The samples were

hen evaluated in a TEM microscope (FEI Tecnai Spirit BioTWIN),

hich has a magnification factor up to 30 0.0 0 0. The evaluation of

he TEM images was accomplished manually by measuring the size

t  
f the primary particles calibrated with the scale given by the TEM

icroscope software. 

. Results and Discussion 

When discussing the results for the studied flames, four differ-

nt spatial regions will be used to simplify the discussions. The

ame regions are denoted in the following way; the pre-reaction

egion (0–2 mm HAB), the pre-soot region (2–4 mm HAB), the soot

nception region (4–8 mm HAB), and finally the soot growth region

8–17 mm HAB). HAB is the acronym for height above burner. 

.1. Two-dimensional LII and ELS 

To illustrate the kind of results we obtain and show the im-

act on the flame when salt solutions, in this case 0.01 M, 0.1 M,

nd 1 M KCl, are added, eight images are shown in Fig. 2 . In the

rst and second row, the LII signal calibrated to soot volume frac-

ions and the elastic light scattering as Q vv -factor are shown, re-

pectively, for the entire width of the flame from a height above

urner of 0 to 17 mm. In these graphs with two-dimensional infor-

ation, it is clear that the entire flame is affected by the seeded

Cl solution, and most obvious for the ELS measurements where

he signal decreases significantly. In the following sections, more

etailed information is given on how the LII and ELS signal change

long the centerline of the flames, and comparisons how the seven

alts influence the flame. 

.2. LII and ELS signals for all additives at 10 mm HAB 

Figure 3 summarizes the results at 10 mm HAB along the cen-

erline of the flame by showing normalized LII and ELS signals for

ll the salts. The results are normalized to measurements in the

eference flame also performed at 10 mm HAB. The measurements

ere conducted sequentially with distilled water and salt solutions

f 0.01 M, 0.1 M, and 1 M. This sequence was repeated three times

or each salt, and the data in Fig. 3 are averaged for the three mea-

urements conducted for each case. 

Based on the results from the LII measurements presented in

ig. 3 , it is clear that most of the flames are marginally affected by

dding salt solutions when it comes to soot volume fraction (as the

II signal is approximately proportional to the soot volume frac-

ion). However, we can see a clear decrease in LII signal for all KCl
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Fig. 2. Soot volume fractions (based on LII measurements) and Q vv -factors (elastic light scattering measurements) as function of height above burner and distance from 

center in the flame for the reference flame and the flames seeded with 0.01 M, 0.1 M, and 1 M KCl solution. 

Fig. 3. LII and ELS signals normalized against the reference flame. The data pre- 

sented has been measured at 10 mm HAB. 
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concentrations and for the highest concentrations of CaCl 2 . How-

ever, for the ELS measurements we can observe large decreases not

only for seeding of KCl and CaCl 2 , but also for NaCl and ZnCl 2 . The

induced LII signals are, as described in Section 2 , proportional to

a factor d 3 , where d is the soot primary particle diameter. For ELS

the power dependence of the particle diameter is d 6 , which makes

ELS much more sensitive to changes in particle size. The combina-

tion of LII and ELS signals has in the present work been used for

evaluation of particle sizes, which will be discussed in Section 4.7 .

The addition of the other salts (FeCl 3 , MgCl 2 and AlCl 3 ) leads at

10 mm HAB to marginal changes in LII signals and slight increase in

ELS signals, which will be discussed further in Sections 4.3 and 4.4 .
.3. Axial profiles of LII and ELS for all additives 

More details about the influence of the metal chloride addi-

ives on soot formation are presented in Fig. 4 , where spatially

esolved information is shown for all cases. The figure contains

1 graphs separated in rows and columns. All results are pre-

ented as function of height above burner (HAB) and are aver-

ged ±2 mm horizontally from the center axis of the flame. Col-

mn 1 shows LII measurements presented for the entire measure-

ent region, 1–17 mm HAB. The ELS measurements are shown

or the entire measurement region (column 2) as well as more

etailed information for the pre-reaction region, the pre-soot re-

ion as well as the soot inception region, i.e. 1–8 mm HAB (col-

mn 3). The columns are hence described by numbers 1, 2 and

, and the seven rows are described by letters A to G. The seven

ows contain measurement data from the use of different salts in

he order from lowest to highest atomic number. The notation is

hat, for example, Fig. 4 (C2) describes the elastic light scattering

easurements for aluminum chloride for the entire measurement

egion. 

When observing the LII results in the first column in Fig. 4 , a

rst observation is that all metal salts only have a marginal influ-

nce on the soot volume fraction in the soot inception region. At

igher HAB, in the soot-growth region, there is a group of metal

alts giving only a marginal influence on the soot volume fraction.

hese are MgCl 2 , AlCl 3 , FeCl 3 , and ZnCl 2 , with the data presented

n Fig. 4 (B1, C1, F1, G1). Zinc chloride, however, show a slightly

arger effect than the other three, with a decrease in soot volume

raction for the highest salt concentration. Another group, includ-

ng NaCl, KCl, and CaCl 2 , gives clearly lower soot volume fractions

t higher HAB, these can be seen in Fig. 4 (A1, D1, E1). For the latter

roup, it is also clear that for increasing salt concentration, there

s a decrease in the soot volume fraction. 

The elastic light scattering results for the entire measurement

egion are presented in the second column of Fig. 4 , and here a

ogarithmic scale has been used to present the data clearly despite

ore than three orders of magnitude variation in signal intensity.

hen adding salt solution to the flame, several additives, includ-

ng MgCl 2 , AlCl 3 , and FeCl 3 , lead to flames that are marginally in-

uenced (less than ∼3%) at the highest heights in the soot-growth

egion when it comes to the ELS signal. The salts that results in
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Fig. 4. Soot volume fraction and Q vv -factor as function of height above burner for all measured salts (in order: NaCl, MgCl 2 , AlCl 3 , KCl, CaCl 2 , FeCl 3 and ZnCl 2 ). The Q vv - 

factor is shown for the entire measurement region as well as for a magnified region at low heights above burner. For each flame condition, two intensity profiles from signal 

averaged data are shown. 



194 J. Simonsson et al. / Combustion and Flame 190 (2018) 188–200 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4

 

s  

s  

o  

f  

a  

k  

fl  

t  

s  

I  

a  

f  

T  

F  

g  

s  

t  

h  

l  

F

 

d  

t  

h  

i  

t  

a  

s  

a  

f  

a  

d  

i  

c  

t  

i  

s  

i  

t  

c  

t  

b  

t  

t  

s  

f

4

 

m  

u  

f  

f  

w  

a  

i  

I  

t  

s  

l  

l  
most significant change in the soot-growth region are those which

also changed the soot volume fraction to a large extent, i.e. NaCl,

KCl, and CaCl 2 , see Fig. 4 (A2, D2, E2). A slight decrease for the

highest concentration of ZnCl 2 could also be observed as shown in

Fig. 4 (G2). 

The third column contains the same information as the initial

part of the graphs in the second column, now presented in a linear

scale to highlight the differences in the pre-reaction (0–2 mm), the

pre-soot (2–4 mm) and the soot inception region (4–8 mm). In the

flames investigated, the soot starts to appear with its thermal vis-

ible radiation at approximately 4 mm HAB, independent of which

salt that was added. For sodium chloride, Fig. 4 (A3), we can in

the soot inception region, as discussed earlier, see a decrease in

ELS signal for increased NaCl concentration. The same effects can

be observed in the soot-inception region for potassium chloride,

calcium chloride, and the highest concentrations of zinc chloride,

Fig. 4 (D3, E3, G3). It is also interesting to note that there is a strong

decrease in ELS signal, especially for sodium and potassium chlo-

ride, compared to the reference flame in the pre-soot region for

increased salt concentrations. 

Another interesting observation is made close to the burner,

in the pre-reaction region, for several of the flames in column 3.

As shown in Fig. 4 (A3 and D3), both sodium and potassium ad-

ditives show initially strong scattering which decreases fast from

1 to 2 mm, and also that higher concentrations of these additives

give higher initial signal. The increased signal found in the pre-

reaction region is most likely due to scattering by the salt par-

ticles themselves, as the excess signal disappears for NaCl and

KCl when approaching the higher temperatures in the reaction

zone located at around 2 mm HAB. This observation can be as-

sociated with dissociation of the salt particles. For MgCl 2 , AlCl 3 
and FeCl 3 , shown in Fig. 4 (B3, C3, F3), there is also an excess ELS

signal, which is larger for higher salt concentrations. This excess

scattering seems to persist through the pre-soot region into the

soot inception region of the flames, which indicates that the salt

particles survive the transport through the high-temperature re-

gion in the reaction zone. For the calcium chloride seeded flame,

Fig. 4 (E3), there seems to be a combined effect of 1) salt particles

surviving in the high-temperature region giving an excess scatter-

ing signal and 2) a decreased scattering for increased salt con-

centrations as observed also for additions of sodium and potas-

sium chloride, Fig. 4 (A3, D3). A discussion of these observations

related to the physical properties of the salts can be found in

Section 4.10 . Also, the excess scattering phenomenon was further

investigated in low-sooting flames, and the results are presented in

Section 4.4 . 

The evaluation of soot volume fractions does come with some

uncertainties, especially regarding the absorption function, E ( m ).

First of all, the value of the absorption function of the soot par-

ticles varies quite much in the literature, which is a major un-

certainty. In [42] , a large number of complex refractive indices

for soot from various sources and measured using a variety of

techniques are presented, and if these are converted to E ( m ), the

values vary between approximately 0.2 to 0.5. This means that

there is a quite large uncertainty in evaluated soot volume frac-

tion, as this parameter is inversely proportional to E (m). Sec-

ondly, work in our group has showed increasing E ( m ) with height

above burner in similar ethylene/air flames, which means that the

soot volume fraction may be under- or overestimated if a con-

stant E ( m ) is chosen. In this work, E ( m ) = 0.35 was chosen, which

is a reasonable value according to [38,39] for HAB larger than

10 mm. The most significant change in E ( m ) occurs early in the

soot growth region (below 9 mm HAB) [38,39] . Selecting an E ( m )

above this HAB will only give minor uncertainties for most HAB.

However, the soot volume fractions at lower HAB will then be

underestimated. 
l  
.4. ELS in low-sooting flames 

To investigate the effect of the ELS contribution caused by the

alt particles further, the flame was adjusted to create a low-

ooting flame just above the visible sooting threshold. The flows

f this flame were set to 0.21 l/min for ethylene and 1.5 l/min

or air, i.e. φ = 2.0. This means a slight decrease in total flow, but

s the salt solutions are carried by the air flow, the air flow was

ept constant to seed the same amount of salt solution. The co-

ow remained at 5 l/min as in all earlier measurements. In Fig. 5 ,

he results of the low-soot measurements are presented for flames

eeded with a 1 M solution of NaCl, KCl, CaCl 2 , FeCl 3 , and ZnCl 2 .

t should be noted that the reference flame presented in Fig. 5 is

 low-sooting flame seeded only with distilled water, hence dif-

erent from the reference flame discussed in relation to Fig. 4 .

he ELS signal from the reference flame is shown in all graphs of

ig. 5 , where initially the scattering from mainly the combustion

ases can be seen up to a height of around 8 mm, after which the

cattering strongly increases as a function of height due to scat-

ering from growing soot particles. However, the scattering at the

igher heights, around 15 mm, is around three orders of magnitude

ower than for the strongly sooting reference flame presented in

igs. 2–4 . 

The results of Fig. 5 show the same trends as the previously

iscussed data in Fig. 4 . Both sodium and potassium chloride addi-

ions lead to less scattering compared to the reference flame at all

eights above 2 mm in the low-sooting flame. Another observation

s that the excess scattering signal is rather constant throughout

he measurement region for the addition of salts of calcium, iron

nd zinc but with a much lower scattering intensity for zinc. The

cattering contributions from the aluminum and magnesium cases

re not shown in the figure but have similar appearance as that

or the iron (III) chloride case. The observations may be explained

s follows. The dissolved salts are aspirated into the air flow as

roplets with metal and chloride ions. The droplets evaporate dur-

ng the transport toward the reaction zone of the flame and metal

hloride particles are formed. For sodium and potassium chloride

here is an initial decay in the scattering signal as can be seen

n Fig. 4 (A3, D3), which can be interpreted as dissociation of the

odium and potassium chloride particles. On the other hand, for

ron (III) chloride, for instance, the metal chloride particles seem

o survive the high temperature reaction zone, since a relatively

onstant scattering contribution can be observed at all heights in

he low-sooting flame of Fig. 5 . It can be assumed that the same

ehavior is valid for the high-sooting flames presented in Fig. 4 , i.e.

hat there is a rather constant scattering contribution from some of

he metals at all flame heights, and this is most probably the rea-

on why the ELS signal increases with metal chloride concentration

or MgCl 2 , AlCl 3 and FeCl 3 in Fig. 3 . 

.5. Depolarization ratio in potassium-seeded flames 

To primarily ascertain uncertainties in the scattering measure-

ents due to fluorescence and subsequently the particle size eval-

ation, measurements of the elastic light scattering were per-

ormed both for vertical polarization and horizontal polarization

or the high-sooting flame. The measurements were conducted

hen seeding various concentrations of potassium chloride as well

s for the reference flame. In Fig. 6 the depolarization ratio, ρv ,

s shown for the entire measurement region of 1 to 17 mm HAB.

n our measurements this is the ratio between the scattered in-

ensity of the horizontal polarization, I HV , and the scattered inten-

ity of the vertical polarization, I VV , for vertically polarized incident

ight, where the first subscript is the polarization of the detected

ight and the second subscript is the polarization of the incident

ight [43] . The reference flame has an almost constant depolariza-
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Fig. 5. Q vv -factor as function of height above burner shown for NaCl, KCl, CaCl 2 , FeCl 3 and ZnCl 2 for low-sooting conditions to show the effect of scattering from the salt 

particles themselves for the different types of salts used. The reference flame in this image is the low-sooting reference flame, i.e. low-sooting flame seeded with distilled 

water. 

Fig. 6. Depolarization ratio, ρv , as function of height above burner for the reference 

flame and three concentrations of the potassium chloride flame (0.01 M, 0.1 M and 

1 M). 
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ion ratio (0.011 to 0.013) across the measurement region, which

s in good agreement with results from a previous study [43] . In

he pre-reaction zone (below 2 mm HAB), the depolarization ratio

ncreases for an increased potassium chloride concentration, which

ay be related to the shape of the salt particles. In the pre-soot

nd the soot inception region, the depolarization ratio is highest

or the largest concentrations of KCl, and gradually decreases for

ncreasing HAB. The origin of this excess depolarization is not clear,

ut we speculate that there is a fluorescence contribution from

olycyclic aromatic hydrocarbons (PAHs), which are well-known to

ead to unpolarized fluorescence also for wavelengths in the vis-

ble region around 532 nm [44] . We speculate that the increased

epolarization ratio is mainly due to that the increased amount of

Cl decreases the particle sizes of both the soot precursors and the

nitial soot particles as discussed in [23] , resulting in a decrease

n the ELS signal caused by the soot and its precursors, and that

he influence of the additives on the PAH concentration and the
ubsequent fluorescence is smaller. Nevertheless, from Fig. 6 , it can

e observed that the contribution from potential fluorescence is

maller than 8% for all concentrations and heights in and above the

oot inception region. In the soot growth region, the depolarization

atio for the flames seeded with potassium chloride show minor

ariations as a function of height above burner. These variations

or the various concentrations of KCl and the reference flame in

he soot-growth region could be related to the PAHs fluorescence

s discussed but may also at least partly originate from a change

f the morphology and size of particles as discussed by Sorensen

n [43] . Accordingly, we can conclude that the interference of fluo-

escence to the scattering is below 8% in the soot inception region

4–8 mm), and less than 2% in the soot growth region (8–17 mm). 

.6. Particle sizing using TEM 

In Fig. 7 , typical soot aggregates are shown, studied using trans-

ission electron microscopy (TEM) for the reference flame and

ome selected flames seeded with the highest, 1 M, concentration.

he TEM analysis were performed on soot sampled at 10 mm HAB.

ased on measurements of primary particle diameters in aggre-

ates in the TEM images, statistical information for each of these

alts has been evaluated and can be found below each image. The

esults from the TEM evaluation show that there is a significant

ecrease in primary particle size when adding potassium chloride

nd a slight decrease for calcium chloride additives. However, for

aCl the difference from the reference flame is minor. These re-

ults are in agreement with Bonczyk et al. [16] , where they inves-

igated particle sizes based on extinction and elastic light scatter-

ng measurements and found a significant decrease for potassium

dditives but only minor changes for calcium and sodium, as was

lso observed in the present work. Further evaluation of particle

izes using LII and ELS were performed for the reference flame

nd the potassium seeded flame, as there was an effect on particle

ize seen in the TEM images reported here and in our previous pa-

er [23] . A discussion regarding the uncertainties for the evaluated
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Fig. 7. Images of soot aggregates and statistical information of primary particle sizes based on TEM measurement for (a) the reference flame, (b) the sodium chloride seeded 

flame, (c) the potassium chloride seeded flame, and (d) the calcium chloride seeded flame. The histogram shown in Fig. 7a has been included in the background of each of 

the other figures to simplify comparison. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Evaluated primary particle sizes as function of height above burner from 6 

to 17 mm assuming no aggregation in (a) and by taking the aggregation into ac- 

count in (b). Both graphs show data from the reference flame along with the three 

concentrations of KCl (0.01 M, 0.1 M and 1 M) seeded into the flame. 

n  

f  

fl  

u  

p  
particle sizes from both TEM and LII/ELS can be found at the end

of Section 4.7 . 

4.7. Particle sizing axially using combined LII and ELS 

By using the LII signals calibrated to soot volume fractions and

the elastic light scattering measurements presented in Fig. 4 , soot

particle sizes could be evaluated using the theory presented in

Section 2 . In Fig. 8 primary particle sizes are shown from evalu-

ations initially by assuming that there is no aggregation ( Fig. 8 a),

and by taking aggregation into account ( Fig. 8 b). For the evalua-

tion of primary particle sizes in this work, E ( m ) = 0.35 has been

used for all HAB, and F ( m ) was calculated to be 0.217 based on a

refractive index used by Reimann et al. in [36] . 

In Fig. 8 a, primary particle sizes are displayed from evaluations

without taking aggregation into account. Combining Eqs. (2) and

( 4 ) results in the following expression for the soot primary particle

diameter, d : 

d = 

3 

√ 

Q vv 

f v 

2 λ4 

3 π3 

1 

F ( m ) 
= 

3 

√ 

Q vv 

K ext 

4 λ3 

π2 

E ( m ) 

F ( m ) 
(8)

The particle sizes in Fig. 8 are presented for the reference flame,

and three concentrations of potassium chloride, mainly for the

soot-growth region (6 to 17 mm HAB), where the influence of PAH

fluorescence interference to the ELS signal is negligible. The results

show that particle sizes increase with HAB as expected, however

the sizes presented are significantly higher than those observed

based on the TEM evaluation. It should be noted that soot sam-

ples for the TEM evaluation have only been taken at 10 mm HAB.

It is clear from the images shown in Fig. 7 that the particles are

aggregated, hence this effect should be taken into account. 

In Fig. 8 b, evaluation of the primary particle sizes has been per-

formed using Eqs. (5) and ( 6 ), resulting in an expression for the

particle diameter taking aggregation into account: 

d = 

3 

√ 

Q vv 

f v 

2 λ4 

3 π3 

1 

F ( m ) 

1 

n 

1 

S ( q ) 
= 

3 

√ 

Q vv 

K ext 

4 λ3 

π2 

E ( m ) 

F ( m ) 

1 

n 

1 

S ( q ) 
(9)

For the evaluation performed in Fig. 8 b, the structure factor, S ( q )

was set to 1, assuming to be within the Rayleigh regime. The
umber of primary particles per aggregate, n , was estimated to 20,

or both the reference flame and the potassium chloride seeded

ame based on TEM analysis at 10 mm HAB. The same value was

sed for both cases as reliable statistics for the number of particles

er aggregate is hard to estimate from TEM images. Also the value
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hosen of n is not representative for all HABs, as less and more ag-

regation is expected for lower and higher HAB, respectively. The

esults shown at 10 mm HAB in Fig. 8 b are in fair agreement with

he results of the TEM analysis of soot sampled at 10 mm HAB.

or soot in the reference flame, the difference is minor, as the

EM analysis results in an average primary particle size of 16.9 nm,

hile the evaluated particle sizes from optical measurements are

8.6 nm. For the potassium-seeded flame, the soot particle size

veraged from TEM showed a particle size of 13.3 nm, while the

ombined LII and ELS data resulted in 8.2 nm. Hence, for this

ase the discrepancy is larger, but the results show the expected

rend. 

We can also note from the LII and ELS measurements presented

n Figs. 3 and 4 that additives of NaCl, CaCl 2 and ZnCl 2 decrease

he ELS signal relatively more than the decrease measured in soot

olume fraction. Since ELS is much more sensitive to changes in

rimary particle diameter than LII, it is reasonable to assume that

his indicate smaller particles. 

In the analysis of sizes from the combined LII/ELS data we es-

imate that the experimental uncertainties are much smaller than

hose arising from uncertainties in the theoretical description. For

xample, in the soot growth region the influence of fluorescence

o the scattering was shown to be below 2 %, see Section 4.5 . In

he theoretical evaluation large uncertainties arise from the op-

ical parameters E ( m ) and F ( m ) as well as the number of parti-

les per aggregate and the factor S ( q ) which was set to one. The

ncertainties related to the absorption function, E ( m ), was dis-

ussed in Section 4.3 . If we do the same analysis for F ( m ), which

lso is derived directly from the complex refractive index of soot,

e can for the refractive indices presented in [42] see a varia-

ion from 0.2 to 0.7. The primary particle diameters evaluated us-

ng LII and ELS are proportional to the cube root of the ratio be-

ween E ( m ) and F ( m ). Using the evaluated E ( m ) and F ( m ) in pairs

rom [42] and comparing with the values used in the present

valuation results in uncertainties of 20–30% in the particle size

valuation. 

The uncertainties of the structure factor, S ( q ), are harder to es-

imate. By setting the structure factor to one, we will most likely

nderestimate the primary particle size, as S ( q ) always is smaller

r equal to one according to Eq. (7). In work by Reimann et al. [36] ,

 comprehensive analysis of primary particle sizes evaluated using

II and ELS has been performed on soot from a premixed ethy-

ene/air flame ( φ = 2.7) on a McKenna burner. If we assume qR g to

e approximately one, resulting in S ( q ) = 0.67, which is compara-

le with the results presented in [36] , an estimation of the error

s possible. Primary particle sizes are inversely proportional to the

ube root of S ( q ) which means that the primary particle sizes may

e underestimated by up to 14%. Furthermore, the average num-

er of particles per aggregate is hard to estimate for several rea-

ons: ( 1 ) the uncertainties in how well the sampled soot particles

re representative of the in situ flame soot particles, and ( 2 ) there

s in reality an aggregate distribution and it requires analysis of

 very large number of aggregates to certify this. Moreover, man-

al evaluation of particle sizes from TEM is both time consuming

nd subjective as the evaluator has to determine by hand the loca-

ion of boundaries for each primary soot particle, which also intro-

uces some uncertainty in the size evaluation. These uncertainties

re hard to estimate, but repetitive evaluation of the same data

aterial resulted in uncertainties of a few percent. An automated

valuation approach would be faster and estimation of the error

ould probably be easier, but the method might not be more accu-

ate. Overall, we can conclude that evaluating particle sizes comes

ith large uncertainties, but the evaluation still gives reasonable

umbers compared to TEM evaluated samples, and do give good

ndication of the changes that occurs when adding various salts to

he flame. 
s  
.8. Particle sizing radially using combined LII and ELS 

So far, the evaluations have dealt with the premixed flames and

hanges versus height above burner. The use of two-dimensional

etection both for ELS and LII enabled simultaneous studies of the

ffects of additives at the flame edges where the products from the

uel-rich flame burn as a diffusion flame. In Fig. 9 , normalized LII

nd ELS signals are shown as well as evaluated primary particle di-

meters radially for the flame at 10 mm height above burner. Sev-

ral of the salts (MgCl 2 , AlCl 3 , FeCl 3 , and ZnCl 2 ) showed marginal

ffect at the edges, and we have chosen to present data for the two

alts (CaCl 2 and KCl) that gave the strongest impact on the soot-

ng behavior. In Fig. 9 (a) and (b), all LII and ELS data have been

ormalized at flame center, and for comparison between the real

alues at this point, see Fig. 4 . At first we note that the LII signal,

nd thereby the soot volume fraction, decreases toward the edges

or the reference flame because of oxidation. For additions of CaCl 2 
nd KCl, the normalized LII signal only show marginal decrease

ompared to the reference flame at the edges. However, for the

LS measurements, there is a decrease of signal toward the edges

or the reference flame, but here both CaCl 2 and KCl additives lead

o a relatively stronger decrease. 

Evaluation of particle sizes were also performed for CaCl 2 and

Cl additions for the cross section at 10 mm HAB. For the particle

ize evaluation, Eq. (9) was utilized, assuming an average of 20 par-

icles per aggregate for both the reference and the flames seeded

ith CaCl 2 and KCl. The results in Fig. 9 c and d clearly show a de-

rease in primary particle sizes toward the edge for the reference

ame, which is expected as more oxidation occurs in this area. In

omparison with the reference flame, the LII and ELS results in-

icate also a stronger relative size reduction at the flame edge in

omparison with the flame center for the additions of 1 M CaCl 2 
nd 1 M KCl. For CaCl 2 the relative decrease in particle size was

1% at the flame edge ( ∼7 mm from center) in comparison with

9% at the center, while the corresponding values for KCl were 65%

n comparison with 56%. Hence, in both flames there is increased

oot oxidation at the edges as a result of both additives. 

Another observation in Fig. 9 c and d is that the effect to the

article sizes by adding potassium to the flames is clearly larger

han when adding calcium based on the evaluation of the com-

ined ELS and LII data. These data thus support the trend that

as observed in the TEM image analysis in Fig. 7 . It should be

oted that the observation of a scattering contribution from CaCl 2 
n the low-sooting flame can be expected also in the here dis-

ussed flame, and if it has the same magnitude this contribution

o the ELS signal is on the order of 5% of the ELS signal from the

oot. 

.9. Influence of potassium on flame temperature 

In the present work it has been observed that for flames with

otassium seeding, the soot volume fraction remains relatively

naffected in the soot inception region (4–8 mm) and becomes

ower in the soot growth region (8–17 mm), see Fig. 4 . It is well-

nown that potassium has the effect of reducing soot concentra-

ion and particle size [12,16] , but it is also important to observe

f other flame parameters change as a result of the potassium ad-

ition. A critical parameter is the temperature. Harris and Weiner

erformed measurements in premixed laminar ethylene/air-flames

45,46] and observed that increased temperatures resulted in lower 

oot volume fractions. Hence, it is highly relevant to identify if

here are temperature differences in the flames with and without

otassium seeding. 

In Fig. 10 , temperature profiles are shown from the flames

tudied in the present work, with and without seeding of potas-

ium. The results have been measured using rotational coherent
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Fig. 9. Investigation of edge effects for potassium and calcium chloride at 10 mm HAB. In (a) and (b) normalized LII and ELS signals are shown for the reference flame 

and the highest concentration of calcium and potassium chloride respectively. In (c) and (d) evaluated primary particle sizes are shown for the reference flame and all 

concentrations of salts for CaCl 2 and KCl. The edges of the flame are located at approximately ±8 mm from center, i.e., just outside the region showed. 

Fig. 10. Flame temperature profiles measured using rotational CARS thermometry 

for the reference flame and the 1 M potassium chloride-seeded flame. 
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b  
anti-Stokes Raman spectroscopy [47,48] at the central axis. The

setup utilised a planar dual broadband BOXCARS approach and an

LDS dye with a center wavelength of around 690 nm. Temperatures

were evaluated from nitrogen, which had line intensities of more

than two orders of magnitude more than spectral contributions of

CO and CO 2 . For improved temperature accuracy, line-broadening

from H 2 O, and H 2 were included in the calculation of the spectral

libraries used for fitting of the temperatures [47] . 

The results of Fig. 10 show that the flame temperature is higher

for the potassium-seeded flame with an average temperature dif-

ference of 30 K. In more detail, the first observation is that the

evaluated temperature in the early soot inception region (4–8 mm)

is slightly higher for the flame with potassium addition in compar-

ison with the reference flame. The difference temperature is very

small, only 10–15 K. This is slightly higher than the assumed uncer-

tainty limit of the CARS technique, and hence there is an indication

of a higher temperature for the case with potassium addition. The

reason for this difference is not clear. When discussing this small

temperature difference above, the accuracy of the CARS technique

for thermometry should be discussed. In general the uncertainty
or the CARS technique is estimated to 2–3%. However, for a mea-

urement series such as the present one, we have continuously

hanged between the two conditions (with and without seeding)

ithin the same measurement series. By using such a strategy, the

ystematic errors are cancelled in the evaluation of the tempera-

ure difference. We estimate that we can be observe differences

hat are higher than 10 K by this approach, and thereby that the

ame temperature with potassium seeding is slightly higher in the

hole sooting region from the inception region and through the

oot growth region. 

The second observation in Fig. 10 is that the temperature dif-

erence between the two flames increases as a function of HAB

rom 8 to 14 mm. In this range the soot volume fraction increases

aster with height in the non-seeded flame. Consequently this non-

eeded flame will suffer from stronger radiation loss than the

eeded one, which leads to a larger difference in temperature

etween the two curves. Since, according to Harris and Weiner

45,46] , an increased temperature in ethylene/air flames leads to

ower soot concentration, the present observation of lower soot

oncentrations in the potassium-seeded flames may partly be due

o a temperature effect. 

.10. Properties of the metal atoms and salts 

We have in this paper shown that some metal salts can signif-

cantly impact soot formation, more specifically the salts contain-

ng either alkali or alkaline earth metals, in our case potassium,

odium, and calcium. What is the reason that these metals are af-

ecting the soot concentration in this way? A common observa-

ion is that the influence correlates well with the ionization po-

ential of the metal. Bonczyk performed a detailed study in which

ve alkali metals (Li, Na, K, Rb, and Cs) were injected to premixed

ames [16] . Through scattering/extinction measurements, soot par-

icle sizes and volume fractions were deduced. It was shown that

he volume fraction weakly decreased and evaluated size strongly

ecreased with increasing atomic number of the alkali atom, which

n turn correlates with lower ionization potential. The review paper

y Howard and Kausch [14] and references therein also discussed
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Table 1 

Some characteristics of metal atoms used in the present investigation. The table includes the atomic number, ionization po- 

tential, as well as lattice energies for their chlorides. The lattice energies have been estimated based on the Born–Haber cycle 

described in [49] using data from [50–52] . 

Metal Atomic number (group) Ionization potential [50] (first electron) Lattice energy per salt molecule 

Sodium (Na) 11 (alkali metal) 5.14 eV 8.16 eV 

Magnesium (Mg) 12 (alkaline earth) 7.65 eV 26.1 eV 

Aluminum (Al) 13 (basic metal) 5.99 eV 56.9 eV 

Potassium (K) 19 (alkali metal) 4.34 eV 7.43 eV 

Calcium (Ca) 20 (alkaline earth) 6.11 eV 23.5 eV 

Iron (Fe) 26 (transitional metal) 7.90 eV 56.1 eV 

Zinc (Zn) 30 (transitional metal) 9.39 eV 28.3 eV 
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t  
hat the alkali metals ionize the flames significantly due to their

ow ionization potential, which leads to lower coagulation rates for

oot. In Table 1 , the ionization potentials are shown for the here

nalyzed metal additives. 

In the present investigation, many of the metal atoms were ob-

erved to not interact with the flame and seemed to pass the flame

iving strong scattering contribution. We interpret this excess scat-

ering as that the metal and chloride ions, which were dissolved in

he water and aspirated into the flame, recombine and form metal

hloride particles. Hence, for these metals that are bound in salts

he ionization potentials have no importance. Instead it is of in-

erest to study the lattice energies, i.e. the energy it takes for a

olecule to break apart from a solid salt crystal to ions in gas

hase, for the metal salts in this investigation. The lattice energies,

hown in Table 1 , have been calculated using the Born–Haber cycle

49] , which primarily work for alkali halides. However, in an effort

o compare the lattice energies we have used it for all salts. 

From Table 1 it is shown that potassium and sodium chloride

ave low lattice energies ( ∼8 eV), which explains why they dis-

ociate when they pass through the reaction zone. Together with

he low ionization potential of potassium and sodium, this could

xplain why additives of KCl and NaCl are so effective in reduc-

ng the amount of soot. Two other salts that also reduce the soot

ormation are CaCl 2 and ZnCl 2 , which both have calculated lattice

nergies in the mid-range ( ∼25 eV). Calcium has fairly low ioniza-

ion potential, which could explain why this is more effective than

oth zinc and magnesium. However, as discussed by Howard and

ausch [14] , ionization may not be the main reason why calcium

educes the amount of soot, instead the additives together with the

ame gases are suggested to create hydroxyl radicals which lowers

he amount of soot and precursors of soot. 

Aluminum chloride and iron chloride both have very high lat-

ice energies ( ∼56 eV) which could explain why these do not show

ny effect in reducing the amount of soot, and why they result in

xcess scattering throughout the sooting region of the flame. To

onclude this part, it seems reasonable that the effect of metal ad-

itives is strongly related to the method by which the metals are

ntroduced to the flame as well as its chemical properties, and the

ame conditions. 

. Conclusions 

In this work, we have demonstrated the use of combined laser-

nduced incandescence (LII) and elastic light scattering (ELS) for re-

rieving information about soot properties in sooting flames and

aluable information about the influence of various salts and salt

oncentrations on these properties. Seven different metal salts

NaCl, MgCl 2 , AlCl 3 , KCl, CaCl 2 , FeCl 3 , and ZnCl 2 ) were dissolved in

ater and seeded into premixed ethylene/air flames through the

xidizer (air). 

The main conclusions from this paper are: 
• Optical diagnostics using combined LII and ELS has been suc-

cessfully used for retrieving two-dimensional data on both soot

volume fraction and sizes. 

• Although the metal chlorides were dissolved in water before

entering the flame, three salts (MgCl 2 , AlCl 3 , and FeCl 3 ) seemed

to pass the flame without clear interaction with the flame,

which was manifested through a scattering contribution related

to salt particles. Two of the salts (CaCl 2 , ZnCl 2 ) showed signs of

partial dissociation and influenced soot formation in the flames

to some extent. The alkali salts (NaCl, KCl) seemed to be fully

dissociated and did not show any effect of scattering contribu-

tion after passing through the reaction zone of the flame. 

• In the soot inception region only marginal effect on the soot

volume fraction was observed, independent on which salt was

aspirated into the flame. The scattering measurements, how-

ever, showed a significant signal decrease when adding potas-

sium and sodium chloride, indicating smaller soot particles. We

also note that calcium chloride has this behavior, but the effect

is hidden due to scattering from the calcium chloride particles

themselves. 

• Potassium chloride addition had the largest impact on soot for-

mation with some reduction of LII signal (and thereby soot

volume fraction) and drastic decrease in ELS signal. Evalu-

ated particle sizes from the combined LII and ELS measure-

ments showed decreasing primary particle sizes with increas-

ing salt concentration. Evaluated sizes are in reasonable agree-

ment with TEM evaluated samples if aggregation is taken into

account using the RDG theory for ELS. However, the evaluated

size differences between the reference flame and the potassium

chloride-seeded flame is larger for the optical measurements

compared to the TEM evaluated data. 

• Also the calcium chloride-seeded flames showed smaller eval-

uated particle sizes in the TEM image as well as in the analy-

sis of the LII and ELS measurements. However, TEM evaluated

samples do only show marginal size differences for the sodium

chloride-seeded flames in comparison with the reference flame,

even though the measurements conducted by ELS and LII indi-

cate smaller particles for the seeding with sodium chloride. 

• Oxidation effects were studied in the outer diffusion flame of

the premixed flames. Both unseeded and flames seeded with

potassium and calcium showed clearly smaller particle sizes

at the edge in comparison with at the center. For potassium

and calcium additives increased oxidation was observed at the

edges. 

• The flame temperature measured by CARS spectroscopy was

higher in the potassium-seeded flame in the soot inception re-

gion as well as in the soot growth region with an average dif-

ference of ∼30 K. 
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