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Chapter 5 
Effects of hydrogen addition on silica aggregate growth 

 
 
The effects of hydrogen addition on silica growth in burner-stabilized methane/air flames 
with low fractions of L2 are reported. Profiles of the aggregates’ radius of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 
monomer radius 𝑎𝑎𝑎𝑎 versus residence time were measured by laser light scattering. 
Experiments were performed at equivalence ratios of 0.8, 1.0 and 1.3, with mole fractions of 
0 – 0.4 of hydrogen in the fuel. At equal mass flux, the addition of hydrogen was found to 
result in decreasing 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 𝑎𝑎𝑎𝑎. However, keeping the flame temperature rather than the 
mass flux constant upon hydrogen addition resulted in the same measured profiles. 
 

  

This chapter is based on the work presented in: Langenkamp PN, Levinsky HB, Mokhov AV. The effects of hydrogen 
addition on silica aggregate growth in atmospheric-pressure, 1-D methane/air flames with hexamethyldisiloxane 
admixture. Int J Hydrogen Energy 2018;43:2997–3003. 
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Chapter 5. Effects of hydrogen addition on silica aggregate growth 

 

5.1. Introduction 

As mentioned in Section 1.3.2, biogas is a compelling alternative to fossil fuels, and can play 
an important role in a transition to more sustainable energy production, but their 
utilization is often not straightforward. One issue complicating the implementation of 
biogas in the energy infrastructure is the presence of trace compounds like siloxanes and 
the deposition of particles generated by their combustion. A major problem for utilizing 
biogas that we have not touched on yet is that biogas contains high fractions of CO2, which 
results in relatively low flame temperatures and burning rates, and a narrow range of flame 
stability [1]. To improve these unfavorable combustion characteristics of biogas, it is 
possible to blend it with another fuel. In particular, recent work with biogas has focused on 
improving the combustion characteristics by the addition of hydrogen [2–5], which if 
produced from renewable power maintains the sustainable character of the biogas. 
Facilitating these efforts, the combustion characteristics of hydrogen/hydrocarbon blends 
have been extensively studied (for example, with regards to burning velocity [6–10], 
ignition properties [11–13], flame stability enhancement [9,14–16], and the effect of 
hydrogen addition on NO and soot precursor formation [17–19]). 

Although many studies on silica aggregate growth have been performed both in 
hydrocarbon flames [20–25] and in hydrogen flames [26–30], to our knowledge there are 
no studies on the effect that hydrogen addition to hydrocarbon flames may have on the 
decomposition of the trace amount of silica-containing compounds in the fuel/oxidizer 
mixture and subsequent silica aggregate growth. Here, we investigate the effect of hydrogen 
addition on silica aggregate growth in burner-stabilized methane flames with L2 as silica 
precursor. Laser light scattering measurements are used to measure the development of the 
aggregates’ radius of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and the radius 𝑎𝑎𝑎𝑎 of the primary particles (monomers) 
comprising these aggregates. 

5.2. Experimental 

Silica aggregates were produced in atmospheric-pressure, flat premixed 
methane/hydrogen/L2/air flames, stabilized above the perforated ceramic burner deck of 
the home-made burner described in Section 2.4.2. The burner system, gas supply and 
bubbler system used to add L2 to the gas mixture are identical to those used for the study of 
silica aggregate growth in methane flames described in 0, with the exception of the addition 
of the supply of hydrogen and corresponding flow meter. The measurements of particle 
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5.3. Results and discussion 

 
properties 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 𝑎𝑎𝑎𝑎 in the post-flame zone were performed by laser light scattering as 
detailed in Section 3.2, using the Viasho 1 W laser. Axial profiles were obtained by moving 
the burner vertically relative to the laser beam. At each position, 60 measurements collected 
over the course of 1 minute were averaged, resulting in a standard deviation of the 
measured scattering signal of typically less than 5%. 

While the gyration radius 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 was, again, determined from the relative scattering 
signal at different angles, the primary particle radius 𝑎𝑎𝑎𝑎 was determined from the absolute 
scattering signal 𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑂𝑂𝑂𝑂2 , using Eq. (3.8). In the present work, we take 𝑘𝑘𝑘𝑘𝑜𝑜𝑜𝑜 to be unity and 
assume that the refractive index of the silica aggregates is approximately equal to that of 
silica glass at room temperature (𝑚𝑚𝑚𝑚 ≈ 1.5 - 1×10-7i at 532 nm [31]). Taking into account the 
weak temperature dependence of the silica refraction index (∼10-5 K-1 [32]) we expect only a 
small increase (no more than 5%) in 𝐹𝐹𝐹𝐹(𝑚𝑚𝑚𝑚) at flame temperatures in comparison to that at 
room temperature. For the fractal dimension we assume a value of approximately 1.8 [33]. 
Finally, the silica volume fraction in the combustion products can be determined from the 
molar fraction of L2 in the fuel mixture if we assume that all silicon from L2 is fully 
oxidized to SiO2, and subsequently fully condenses: 

𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 =
2χL2𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑂𝑂𝑂𝑂2𝑃𝑃𝑃𝑃
𝑀𝑀𝑀𝑀𝑓𝑓𝑓𝑓𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢/𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝜌𝜌𝜌𝜌𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑂𝑂𝑂𝑂2𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘

 .  (5.1) 

Here 𝜒𝜒𝜒𝜒𝐿𝐿𝐿𝐿2 is the molar fraction of L2 in the fuel/air mixture; 𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝, 𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑂𝑂𝑂𝑂2  and 𝑀𝑀𝑀𝑀𝑓𝑓𝑓𝑓𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢/𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 the 
molecular masses of the combustion products, silica and the fuel/air mixture respectively; 𝑃𝑃𝑃𝑃 
the pressure; 𝜌𝜌𝜌𝜌𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑂𝑂𝑂𝑂2  the density of solid silica (where for the monomers we assume the silica 
bulk density of 2.65 g/cm3 [34]); 𝑅𝑅𝑅𝑅 the gas constant; and 𝑘𝑘𝑘𝑘 the flame temperature. In the 
present work 𝜒𝜒𝜒𝜒𝐿𝐿𝐿𝐿2 and 𝑀𝑀𝑀𝑀𝑓𝑓𝑓𝑓𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢/𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 were calculated using the compositions of the unburned 
fuel/air mixture, while for calculations of 𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 the composition of the combustion products, 
obtained in numerical simulations (see below) was used. 

5.3. Results and discussion 

The measurements were performed for methane/hydrogen/L2/air mixtures in lean, 
stoichiometric and rich flames with varying fractions of H2. The mass flux �̇�𝑀𝑀𝑀 was set to 
0.0102 g/cm2s for most flames. Provided that the fraction of L2 in the fuel 𝛽𝛽𝛽𝛽 is small, the 
composition of the unburned fuel/air mixture can be chemically presented as 
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𝜙𝜙𝜙𝜙 ∙ (1 − 𝛾𝛾𝛾𝛾)𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻4 + 𝜙𝜙𝜙𝜙 ∙ 𝛾𝛾𝛾𝛾 ∙ 𝐻𝐻𝐻𝐻2 + 𝜙𝜙𝜙𝜙 ∙ 𝛽𝛽𝛽𝛽 ∙ 𝐿𝐿𝐿𝐿2 + �2 −
3
2
𝛾𝛾𝛾𝛾�𝑂𝑂𝑂𝑂2 + 3.77 ∙ �2 −

3
2
𝛾𝛾𝛾𝛾�𝑁𝑁𝑁𝑁2 ,  (5.2) 

where 𝜙𝜙𝜙𝜙 is the fuel equivalence ratio, and 𝛾𝛾𝛾𝛾 the fraction of hydrogen in the fuel. An 
overview of the flame conditions examined here is given in Table 5.1. To facilitate the 
analysis of the experimental results, one-dimensional flame calculations were performed 
using the code from the Cantera suite [35] with the GRI-Mech 3.0 chemical mechanism 
[36]. Additional calculations were performed with the Konnov mechanism [37] showing 
only small temperature differences with GRI-Mech 3.0 of within 30 K. At mole fractions in 
this research of up to about 800 ppm in the unburned gas mixture, the concentration of L2 
is too low to have a significant influence on the combustion properties [38]. It should be 
pointed out that extended experimental verifications [18,39] showed excellent agreement 
(within 30 K) between the measured and calculated temperature profiles in these flames. 
The computed flame temperatures at height of 1 cm above the burner deck and 
concentrations of SiO2 molecules derived based on the calculated flame composition at the 
same height, are also presented in Table 5.1. The calculations indicate that the influence of  
 

Table 5.1. Flame conditions used in this work. 

Flame 𝝓𝝓𝝓𝝓 𝜸𝜸𝜸𝜸 𝜷𝜷𝜷𝜷 (𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩) 𝛏𝛏𝛏𝛏 (𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩)∗ �̇�𝑴𝑴𝑴 
/𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏−𝟐𝟐𝟐𝟐 𝐠𝐠𝐠𝐠/𝐜𝐜𝐜𝐜𝐩𝐩𝐩𝐩𝟐𝟐𝟐𝟐𝐬𝐬𝐬𝐬 

𝑻𝑻𝑻𝑻 (𝐊𝐊𝐊𝐊) 

A 1.0 0 6000 1140 1.02 1855 
B 1.0 0.2 6000 1330 1.02 1835 

C 1.0 0.3 6000 1450 1.02 1820 
D 1.0 0.4 6000 1600 1.02 1805 
E 1.0 0 7020 1330 1.02 1855 

F 1.0 0 7670 1450 1.02 1855 
G 1.0 0 8460 1600 1.02 1855 
H 1.0 0.2 6000 1330 1.08 1850 
I 1.0 0.3 6000 1450 1.13 1850 

J 1.0 0.4 6000 1600 1.23 1855 
K 0.8 0.2 6000 1090 1.09 1715 
L 0.8 0 7030 1090 1.02 1715 
M 1.3 0.2 6000 1680 1.17 1875 
N 1.3 0 7010 1680 1.02 1875 

* 𝜉𝜉𝜉𝜉 is the fraction of silica in the combustion products 
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hydrogen addition at fixed �̇�𝑀𝑀𝑀 and 𝜙𝜙𝜙𝜙 on flame temperature is modest for small values of 𝛾𝛾𝛾𝛾. 
For example, for the highest value in this study of 𝛾𝛾𝛾𝛾 = 0.4, the flame temperature at 1 cm 
above the burner for 𝜙𝜙𝜙𝜙 = 1.0 and �̇�𝑀𝑀𝑀 = 0.0102 g/cm2s drops from 1855 K to 1805 K (see 
Table 5.1). We note here that the apparently counterintuitive result of hydrogen addition 
resulting in a lower flame temperature arises from the use of burner-stabilized flames. At 
constant mass flux, the increase in free-flame burning velocity caused by hydrogen addition 
[18] requires heat transfer from the flame to the burner to reduce this higher burning 
velocity to the extant mass flux [40]. 

Axial profiles of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 𝑎𝑎𝑎𝑎 were obtained up to a maximum distance of 30 mm 
above the burner deck, as heat losses and mixing with surrounding air can only be neglected 
up to a limited height [41]. Stray light scattered from the burner setup limited the 
measurements to heights >8 mm above the burner surface. To facilitate the comparison of 
𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 𝑎𝑎𝑎𝑎 obtained in flames with different gas velocities in the post-flame zone, the axial 
positions are recalculated to residence times using temperatures and compositions from 1-
D simulations. Similar to what was reported in 0, a small part of the data was acquired 

outside the regime of 𝑞𝑞𝑞𝑞𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 ≤ √3 that is known to yield accurate 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 [42,33]. Because the plots 
of 𝐼𝐼𝐼𝐼(0)/𝐼𝐼𝐼𝐼(𝑞𝑞𝑞𝑞) versus 𝑞𝑞𝑞𝑞2 remain linear, it is expected that fits still give reliable values for 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 
[33]. The full set of experimental data can be found in Appendix 5.A.. 

5.3.1. Dependence of aggregate size on hydrogen fraction 

The measured gyration radii 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 of silica aggregates produced by 6000 ppm L2 in the fuel in 
stoichiometric flames with �̇�𝑀𝑀𝑀 = 0.0102 g/cm2s are shown in Figure 5.1, for 𝛾𝛾𝛾𝛾 = 0, 0.2 and 0.4 
(flames A, B and D in Table 5.1). 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 is observed to grow with time for all hydrogen 
fractions. For example, at 𝛾𝛾𝛾𝛾 = 0.4 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 increases from approximately 35 nm at a residence 
time 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 of 18 ms to 105 nm at 55 ms. In addition, particles in flames with higher hydrogen 
fraction are consistently larger when compared at equal 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (approximately by 10% and 
20% for 𝛾𝛾𝛾𝛾 = 0.2 and 0.4, respectively, compared to 𝛾𝛾𝛾𝛾 = 0 at all residence times). Neglecting 
for the moment the influence of 𝛾𝛾𝛾𝛾 on flame temperature, we might be able to attribute the 
change in 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 to the influence of the concentration 𝜉𝜉𝜉𝜉 of silica in the combustion products. It 
is known that at constant temperature 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 increases with the concentration of precursor 
molecules when the growth of particles takes place through collisions [43]. Since the 
amount of air needed for a given equivalence ratio decreases with increasing hydrogen 
fraction (Eq. (5.2)), a constant siloxane fraction in the fuel will result in a higher SiO2 
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3
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3
2
𝛾𝛾𝛾𝛾�𝑁𝑁𝑁𝑁2 ,  (5.2) 

where 𝜙𝜙𝜙𝜙 is the fuel equivalence ratio, and 𝛾𝛾𝛾𝛾 the fraction of hydrogen in the fuel. An 
overview of the flame conditions examined here is given in Table 5.1. To facilitate the 
analysis of the experimental results, one-dimensional flame calculations were performed 
using the code from the Cantera suite [35] with the GRI-Mech 3.0 chemical mechanism 
[36]. Additional calculations were performed with the Konnov mechanism [37] showing 
only small temperature differences with GRI-Mech 3.0 of within 30 K. At mole fractions in 
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pointed out that extended experimental verifications [18,39] showed excellent agreement 
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The computed flame temperatures at height of 1 cm above the burner deck and 
concentrations of SiO2 molecules derived based on the calculated flame composition at the 
same height, are also presented in Table 5.1. The calculations indicate that the influence of  
 

Table 5.1. Flame conditions used in this work. 

Flame 𝝓𝝓𝝓𝝓 𝜸𝜸𝜸𝜸 𝜷𝜷𝜷𝜷 (𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩) 𝛏𝛏𝛏𝛏 (𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩)∗ �̇�𝑴𝑴𝑴 
/𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏−𝟐𝟐𝟐𝟐 𝐠𝐠𝐠𝐠/𝐜𝐜𝐜𝐜𝐩𝐩𝐩𝐩𝟐𝟐𝟐𝟐𝐬𝐬𝐬𝐬 

𝑻𝑻𝑻𝑻 (𝐊𝐊𝐊𝐊) 

A 1.0 0 6000 1140 1.02 1855 
B 1.0 0.2 6000 1330 1.02 1835 

C 1.0 0.3 6000 1450 1.02 1820 
D 1.0 0.4 6000 1600 1.02 1805 
E 1.0 0 7020 1330 1.02 1855 

F 1.0 0 7670 1450 1.02 1855 
G 1.0 0 8460 1600 1.02 1855 
H 1.0 0.2 6000 1330 1.08 1850 
I 1.0 0.3 6000 1450 1.13 1850 

J 1.0 0.4 6000 1600 1.23 1855 
K 0.8 0.2 6000 1090 1.09 1715 
L 0.8 0 7030 1090 1.02 1715 
M 1.3 0.2 6000 1680 1.17 1875 
N 1.3 0 7010 1680 1.02 1875 

* 𝜉𝜉𝜉𝜉 is the fraction of silica in the combustion products 
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20% for 𝛾𝛾𝛾𝛾 = 0.2 and 0.4, respectively, compared to 𝛾𝛾𝛾𝛾 = 0 at all residence times). Neglecting 
for the moment the influence of 𝛾𝛾𝛾𝛾 on flame temperature, we might be able to attribute the 
change in 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 to the influence of the concentration 𝜉𝜉𝜉𝜉 of silica in the combustion products. It 
is known that at constant temperature 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 increases with the concentration of precursor 
molecules when the growth of particles takes place through collisions [43]. Since the 
amount of air needed for a given equivalence ratio decreases with increasing hydrogen 
fraction (Eq. (5.2)), a constant siloxane fraction in the fuel will result in a higher SiO2 
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fraction in the burned gases, as seen in Table 5.1. Thus, we expect higher 𝛾𝛾𝛾𝛾 to result in 
larger particles. 

 
Figure 5.1. Radius of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 as function of residence time 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 for stoichiometric flames A, B and D with 
hydrogen fuel fractions 𝛾𝛾𝛾𝛾 = 0, 0.2 and 0.4. 

To test this expectation, we performed additional measurements of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 in pure CH4 
flames with silica fractions in the combustion products matching those of the flames with 
added hydrogen. A comparison between flame D (𝛾𝛾𝛾𝛾 = 0.4) and its corresponding reference 
flames A and G is presented in Figure 5.2.  Contrary to our expectations, the measurements 
(which are also representative for what is observed for lower hydrogen fractions) show a 
large difference in 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 between flames D and G with equal concentration of silica in the 
combustion products (𝜉𝜉𝜉𝜉 = 1600 ppm). Increasing 𝜉𝜉𝜉𝜉 in the pure methane flame from 1140 to 

Figure 5.2. Radius of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 as function of residence time 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 for stoichiometric flames: flame D with hydrogen 
fuel fraction 𝛾𝛾𝛾𝛾 = 0.4 and two methane/air flames, one with the same concentration of L2 in fuel 𝛽𝛽𝛽𝛽 (flame A) and the 
other with the same concentration of silica in the combustion products 𝜉𝜉𝜉𝜉 (flame G). 
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1600 ppm resulted in gyration radii 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 larger than those in the hydrogen flame D, while for 
the same fraction in the fuel (𝛽𝛽𝛽𝛽) lower 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 are observed. However, we cannot exclude the 
influence of temperature. Even though the change in flame temperatures upon hydrogen 
addition is ≤ 50 K, based on the examination of its influence on silica aggregate growth in 0, 
the observed differences in 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 might by fully attributable to this relatively modest change in 
flame temperature. 

Additional measurements were performed at higher mass flux with added 
hydrogen (flames H, I and J in Table 5.1), with compositions matching flames B, C and D , 
and temperatures close to those of flames E, F and G without hydrogen. The results, 
presented in Figure 5.3 as function of 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (results for 𝛾𝛾𝛾𝛾 = 0.3 are omitted for clarity, but can 
be found in Appendix 5.A), show excellent agreement with the radii measured in the flames 
with the same temperatures and total SiO2 mole fraction in the combustion products. This 
demonstrates that the difference between particle size in flames with and without added 
hydrogen, at equal mass flux, arises entirely from the difference in flame temperature. The 
results indicate that the change in chemical environment due to the addition of hydrogen 
does not affect the process of silica aggregate growth. 

 
Figure 5.3. Radius of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 for stoichiometric flames H and J with hydrogen fuel fractions of 0.2 and 0.4, 
respectively, and corresponding reference flames E and G with equal concentration of silica in the combustion 
products 𝜉𝜉𝜉𝜉, all at 𝑘𝑘𝑘𝑘 = 1855 K. 

5.3.2. Monomer size 

The measured primary particle radii 𝑎𝑎𝑎𝑎 in flames A, B and D are shown in Figure 5.4 as a 
function of 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒. As follows from Equation 6, the standard deviation of 𝑎𝑎𝑎𝑎 is determined by 
noise in 𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑂𝑂𝑂𝑂2, 𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6  and 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔. The standard deviations of the measured 𝑎𝑎𝑎𝑎 (∼10%) are also 

69 



5

Chapter 5. Effects of hydrogen addition on silica aggregate growth 

 
fraction in the burned gases, as seen in Table 5.1. Thus, we expect higher 𝛾𝛾𝛾𝛾 to result in 
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flames with silica fractions in the combustion products matching those of the flames with 
added hydrogen. A comparison between flame D (𝛾𝛾𝛾𝛾 = 0.4) and its corresponding reference 
flames A and G is presented in Figure 5.2.  Contrary to our expectations, the measurements 
(which are also representative for what is observed for lower hydrogen fractions) show a 
large difference in 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 between flames D and G with equal concentration of silica in the 
combustion products (𝜉𝜉𝜉𝜉 = 1600 ppm). Increasing 𝜉𝜉𝜉𝜉 in the pure methane flame from 1140 to 

Figure 5.2. Radius of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 as function of residence time 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 for stoichiometric flames: flame D with hydrogen 
fuel fraction 𝛾𝛾𝛾𝛾 = 0.4 and two methane/air flames, one with the same concentration of L2 in fuel 𝛽𝛽𝛽𝛽 (flame A) and the 
other with the same concentration of silica in the combustion products 𝜉𝜉𝜉𝜉 (flame G). 
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5.3.2. Monomer size 
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shown in the figure. The monomer radius is seen to follow the trend in 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, being larger for 
higher hydrogen fractions, and growing with time. Although the observed growth is 
generally within the measurement uncertainty, the trend (∼16% increase from 20 to 55 ms) 
was observed for all flames. Most interesting is that this growth occurs despite the relatively 
low flame temperatures (around 1855 K), which is well below the melting temperature of 
quartz [44], where the sintering process that is responsible for monomer growth would be 
expected to be very slow. Also, the effect of the change in flame temperature caused by 
hydrogen addition on monomer radius appears similar to what was observed for 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔; a 
typical example is shown in Figure 5.5 for 𝛾𝛾𝛾𝛾 = 0.3. 

We note that the initial monomer radii reported here are in good agreement with 
those observed in TEM measurements by Smirnov et al. [24] performed in a siloxane-doped 
methane/air flame, but that the growth observed here is much slower than that observed 
previously, where monomer radii larger than 7 nm were observed for similar 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒. Lack of 
reliable data regarding the properties of silica particles used in the analysis of the data 
presented above, such as density and refraction index, at the high temperatures 
encountered here complicates the discussion of the attendant uncertainties. However, we 
also note that the measurements by Smirnov et al. were performed in flames that were 
>200 K hotter and with a lower silicon fraction than those studied here. While the higher 
temperature could account for faster monomer growth, possible limitations of the sampling 
technique (which does not instantaneously freeze the particles, allowing for further growth 
during the sampling process) preclude further comparison. Further study is needed to 
provide a clear description of the impact of flame conditions on monomer growth. 

Figure 5.4. Monomer radius 𝑎𝑎𝑎𝑎 as function of residence time 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 for stoichiometric flames A, B and D with hydrogen 
fuel fractions 𝛾𝛾𝛾𝛾 = 0, 0.2 and 0.4. 
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Figure 5.5. Monomer radius 𝑎𝑎𝑎𝑎 as function of residence time 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 for stoichiometric flames: flames C and I with 
hydrogen fuel fraction 𝛾𝛾𝛾𝛾 = 0.3 and two methane/air flames, one with the same concentration of L2 in fuel 𝛽𝛽𝛽𝛽 (flame A) 
and another with the same concentration of silica in the combustion products 𝜉𝜉𝜉𝜉 (flame F). 

5.3.3. Effect of equivalence ratio 

The effect of hydrogen addition was also studied in lean (𝜙𝜙𝜙𝜙 = 0.8) and rich (𝜙𝜙𝜙𝜙 = 1.3) flames 
(flames K – N in Table 5.1). Initially, the measurements were performed in flames of the 
same mass flux and concentration of L2 in the fuel mixture. This constant mass flux 
inevitably results in different temperatures (𝑘𝑘𝑘𝑘 = 1715 K, 1855 K and 1875 K for 𝜙𝜙𝜙𝜙 = 0.8, 1.0 
and 1.3, respectively, see Table 5.1). The axial profiles of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, presented in Figure 5.6, show 
strong differences between particle sizes in flames of different equivalence ratios, reasonably 

Figure 5.6. Radius of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 as function of residence time 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 for hydrogen/methane/air flames with 𝛾𝛾𝛾𝛾 = 0.2 
and methane/air flames at 𝜙𝜙𝜙𝜙 = 0.8 (flames K and L), 𝜙𝜙𝜙𝜙 = 1.0 (flames E and H) and 𝜙𝜙𝜙𝜙 = 1.3 (flames M and N). The 
methane/air flames have the same temperature and concentration 𝜉𝜉𝜉𝜉 of silica in the combustion products as the 
corresponding flames with added hydrogen of the same 𝜙𝜙𝜙𝜙. 
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shown in the figure. The monomer radius is seen to follow the trend in 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, being larger for 
higher hydrogen fractions, and growing with time. Although the observed growth is 
generally within the measurement uncertainty, the trend (∼16% increase from 20 to 55 ms) 
was observed for all flames. Most interesting is that this growth occurs despite the relatively 
low flame temperatures (around 1855 K), which is well below the melting temperature of 
quartz [44], where the sintering process that is responsible for monomer growth would be 
expected to be very slow. Also, the effect of the change in flame temperature caused by 
hydrogen addition on monomer radius appears similar to what was observed for 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔; a 
typical example is shown in Figure 5.5 for 𝛾𝛾𝛾𝛾 = 0.3. 
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Figure 5.4. Monomer radius 𝑎𝑎𝑎𝑎 as function of residence time 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 for stoichiometric flames A, B and D with hydrogen 
fuel fractions 𝛾𝛾𝛾𝛾 = 0, 0.2 and 0.4. 
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Figure 5.5. Monomer radius 𝑎𝑎𝑎𝑎 as function of residence time 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 for stoichiometric flames: flames C and I with 
hydrogen fuel fraction 𝛾𝛾𝛾𝛾 = 0.3 and two methane/air flames, one with the same concentration of L2 in fuel 𝛽𝛽𝛽𝛽 (flame A) 
and another with the same concentration of silica in the combustion products 𝜉𝜉𝜉𝜉 (flame F). 

5.3.3. Effect of equivalence ratio 
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strong differences between particle sizes in flames of different equivalence ratios, reasonably 

Figure 5.6. Radius of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 as function of residence time 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 for hydrogen/methane/air flames with 𝛾𝛾𝛾𝛾 = 0.2 
and methane/air flames at 𝜙𝜙𝜙𝜙 = 0.8 (flames K and L), 𝜙𝜙𝜙𝜙 = 1.0 (flames E and H) and 𝜙𝜙𝜙𝜙 = 1.3 (flames M and N). The 
methane/air flames have the same temperature and concentration 𝜉𝜉𝜉𝜉 of silica in the combustion products as the 
corresponding flames with added hydrogen of the same 𝜙𝜙𝜙𝜙. 
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consistent with the changes in 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 with flame temperature seen in the stoichiometric flames. 
Similar to the results obtained for the stoichiometric flames, the axial profiles in the lean 
and rich flames show very good agreement between the flames with and without added 
hydrogen at equal temperature and silica concentration in the combustion products. Thus, 
there is no indication of any impact of hydrogen addition on silica aggregate growth, except 
through changing the flame temperature. 

The measured primary particles’ radii 𝑎𝑎𝑎𝑎 in lean and rich flames are shown in 
Figure 5.7. The observed growth in primary particle radius with time for the various 
conditions is similar to that shown in Figure 5.5 for the stoichiometric flames. 

 
Figure 5.7. Comparison of monomer radius 𝑎𝑎𝑎𝑎 as function of residence time 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 for lean flames at 𝜙𝜙𝜙𝜙 = 0.8 with 
hydrogen fuel fraction 𝛾𝛾𝛾𝛾 = 0.2 (flame K) and pure methane/air flame with equal concentration of silica in the 
combustion products 𝜉𝜉𝜉𝜉 and flame temperature (flame L), and rich flames at 𝜙𝜙𝜙𝜙 = 1.3 with 𝛾𝛾𝛾𝛾 = 0.2 (flame M) and pure 
methane/air flame with equal 𝜉𝜉𝜉𝜉 and flame temperature (flame N). 

5.4. Conclusions 

The effect of hydrogen addition on silica aggregate growth in CH4/L2/air burner-stabilized 
flames was studied in flames of equivalence ratio 𝜙𝜙𝜙𝜙 = 0.8, 1.0 and 1.3. At equal mass flux 
and silica concentration in the combustion products, hydrogen addition was found to result 
in decreasing aggregate sizes compared to the equivalent methane/air flames. The results 
show that this difference in 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 is caused by the decrease in flame temperature with 
hydrogen addition for all three equivalence ratios. Measured primary particle sizes show 
similar trends. While the primary particle size observed close to the burner are similar to 
those measured by TEM in siloxane-doped methane/air flames, the growth in the radius of 
these particles is much slower than observed previously. This difference is provisionally 
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ascribed to differences in sintering rate caused by the difference of 200 K between the 
conditions of the different experiments. The results indicate that the impact of hydrogen 
addition on silica aggregate and primary particle growth is caused by the changes in 
temperature, rather than a change in the chemical environment. 
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Appendix 5.A 

The full set of experimental data for flames A – N, as referenced in Table 5.1, is presented in 
Table 5.2, below. Here, 𝜎𝜎𝜎𝜎𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 𝜎𝜎𝜎𝜎𝑎𝑎𝑎𝑎 denote the standard deviations of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 𝑎𝑎𝑎𝑎, respectively. 

Table 5.2. The full set of experimental data for flames A – N, as referenced in Table 5.1. Here, 𝜎𝜎𝜎𝜎𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔  denotes the 

standard deviation of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, and 𝜎𝜎𝜎𝜎𝑎𝑎𝑎𝑎 the standard deviation of 𝑎𝑎𝑎𝑎. 

Flame A HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 21.41959 39.55939 1.56143 2.435 0.16631 
 14 24.98952 48.41476 1.83851 2.45807 0.15965 
 16 28.55945 57.17988 2.55686 2.56917 0.20398 
 18 32.12938 61.66829 1.54538 2.65675 0.11982 
 20 35.69931 69.2498 2.40605 2.66731 0.15952 
 22 39.26924 74.03208 1.86629 2.70601 0.11508 
 25 44.62414 81.59189 1.62307 2.75227 0.09659 
 30 53.54897 91.48808 1.73677 2.84827 0.09842 
       

Flame B HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 21.18232 44.36547 1.64758 2.54081 0.18828 
 14 24.71271 54.24076 2.18859 2.61884 0.22147 
 16 28.2431 63.5518 2.92765 2.64088 0.23569 
 18 31.77349 69.50461 2.08476 2.72101 0.16436 
 20 35.30387 75.81532 2.10541 2.74845 0.15323 
 22 38.83426 83.61795 2.51608 2.75801 0.1638 
 25 44.12984 89.85167 2.38609 2.86234 0.14759 
 30 52.95581 100.58763 1.8398 2.94551 0.11046 
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Flame C HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 21.11566 43.5404 1.15864 2.51666 0.18767 
 14 24.63493 52.81615 1.63267 2.54616 0.1899 
 16 28.15421 61.75777 1.9246 2.6445 0.18384 
 18 31.67349 69.61908 2.68858 2.73651 0.23293 
 20 35.19276 78.16547 2.51012 2.73018 0.18714 
 22 38.71204 83.11024 2.46723 2.76216 0.17581 
 25 43.99095 90.61958 2.14436 2.86169 0.14352 
 30 52.78914 100.99013 1.50835 2.93404 0.1142 
       

Flame D HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 17.57324 35.71721 4.32206 3.13316 0.78677 
 12 21.08789 48.45388 1.85032 3.09179 0.28653 
 14 24.60254 57.91287 1.42559 3.16334 0.21668 
 16 28.11719 66.8382 2.42866 3.17198 0.27288 
 18 31.63183 76.12847 1.99979 3.22113 0.24415 
 20 35.14648 81.23272 1.98471 3.33299 0.23205 
 22 38.66113 87.60261 2.12422 3.36267 0.24108 
 25 43.9331 94.65705 2.39351 3.43648 0.23182 
 30 52.71972 106.44633 1.98988 3.55064 0.19665 
       

Flame E HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 21.41959 49.27217 1.91056 2.51017 0.17618 
 14 24.98952 57.62651 1.387 2.62201 0.1301 
 16 28.55945 66.65423 2.85477 2.69805 0.24242 
 18 32.12938 73.38992 1.80443 2.82021 0.15435 
 20 35.69931 80.21933 2.34529 2.89148 0.1811 
 22 39.26924 86.73435 2.29495 2.91147 0.15803 
 25 44.62414 93.41418 1.81807 2.97273 0.12408 
 30 53.54897 104.94871 1.88022 3.06042 0.11559 
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The full set of experimental data for flames A – N, as referenced in Table 5.1, is presented in 
Table 5.2, below. Here, 𝜎𝜎𝜎𝜎𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 𝜎𝜎𝜎𝜎𝑎𝑎𝑎𝑎 denote the standard deviations of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 𝑎𝑎𝑎𝑎, respectively. 

Table 5.2. The full set of experimental data for flames A – N, as referenced in Table 5.1. Here, 𝜎𝜎𝜎𝜎𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔  denotes the 

standard deviation of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, and 𝜎𝜎𝜎𝜎𝑎𝑎𝑎𝑎 the standard deviation of 𝑎𝑎𝑎𝑎. 

Flame A HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 21.41959 39.55939 1.56143 2.435 0.16631 
 14 24.98952 48.41476 1.83851 2.45807 0.15965 
 16 28.55945 57.17988 2.55686 2.56917 0.20398 
 18 32.12938 61.66829 1.54538 2.65675 0.11982 
 20 35.69931 69.2498 2.40605 2.66731 0.15952 
 22 39.26924 74.03208 1.86629 2.70601 0.11508 
 25 44.62414 81.59189 1.62307 2.75227 0.09659 
 30 53.54897 91.48808 1.73677 2.84827 0.09842 
       

Flame B HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 21.18232 44.36547 1.64758 2.54081 0.18828 
 14 24.71271 54.24076 2.18859 2.61884 0.22147 
 16 28.2431 63.5518 2.92765 2.64088 0.23569 
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 20 35.30387 75.81532 2.10541 2.74845 0.15323 
 22 38.83426 83.61795 2.51608 2.75801 0.1638 
 25 44.12984 89.85167 2.38609 2.86234 0.14759 
 30 52.95581 100.58763 1.8398 2.94551 0.11046 
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 8 
     

 10 
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 14 24.63493 52.81615 1.63267 2.54616 0.1899 
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 16 28.55945 66.65423 2.85477 2.69805 0.24242 
 18 32.12938 73.38992 1.80443 2.82021 0.15435 
 20 35.69931 80.21933 2.34529 2.89148 0.1811 
 22 39.26924 86.73435 2.29495 2.91147 0.15803 
 25 44.62414 93.41418 1.81807 2.97273 0.12408 
 30 53.54897 104.94871 1.88022 3.06042 0.11559 
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Flame F HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 17.84966 46.18365 2.16123 2.52765 0.23077 
 12 21.41959 57.0237 1.74682 2.61019 0.15995 
 14 24.98952 65.2813 2.14646 2.78389 0.21336 
 16 28.55945 74.54936 2.1156 2.83353 0.19167 
 18 32.12938 81.16454 1.87357 2.84736 0.15625 
 20 35.69931 89.29651 3.11715 2.93489 0.22165 
 22 39.26924 93.65502 2.34639 2.98321 0.17 
 25 44.62414 104.57712 2.83951 3.03072 0.17789 
 30 53.54897 114.70202 1.88894 3.17242 0.12001 
       

Flame G HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 14.27972 37.80473 4.0139 2.89342 0.63235 
 10 17.84966 52.99553 4.43397 2.86115 0.51965 
 12 21.41959 65.53649 4.07258 2.95248 0.40525 
 14 24.98952 72.5143 1.40609 3.23857 0.22222 
 16 28.55945 82.37924 3.03521 3.19695 0.3018 
 18 32.12938 88.83717 2.81035 3.31472 0.28758 
 20 35.69931 95.14584 2.62729 3.38937 0.26163 
 22 39.26924 102.55214 3.53738 3.45054 0.27782 
 25 44.62414 110.97428 3.22566 3.56424 0.25384 
 30 53.54897 122.41631 2.84472 3.68084 0.23139 
       

Flame H HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 19.91679 45.668 2.0522 2.6631 0.21538 
 14 23.23626 54.43564 1.60595 2.76704 0.17457 
 16 26.55572 62.7022 2.08825 2.80513 0.18779 
 18 29.87519 69.78908 2.11348 2.92045 0.1782 
 20 33.19465 77.748 3.06535 2.91928 0.22472 
 22 36.51412 84.00382 2.46576 2.95485 0.16982 
 25 41.49331 91.98128 2.2759 3.01147 0.1506 
 30 49.79198 102.13854 1.73185 3.06252 0.11746 
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Flame I HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 18.75659 45.48629 1.72158 2.70836 0.22827 
 14 21.88269 54.81129 3.08213 2.8035 0.34338 
 16 25.00879 62.78731 2.5361 2.86374 0.24394 
 18 28.13488 71.75205 4.21827 2.86715 0.3582 
 20 31.26098 78.10309 3.62925 2.91337 0.28167 
 22 34.38708 86.52478 3.54785 2.88942 0.24765 
 25 39.07623 92.77751 2.80586 2.98455 0.20273 
 30 46.89147 103.85834 2.04571 3.03187 0.14248 
       

Flame J HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 17.07826 45.33163 1.60763 3.16972 0.26343 
 14 19.92464 58.38944 2.39419 3.07365 0.30337 
 16 22.77101 66.84288 3.10865 3.08324 0.32285 
 18 25.61739 76.11492 2.25421 3.14464 0.23144 
 20 28.46377 83.3778 2.39579 3.17893 0.2432 
 22 31.31015 89.83334 2.65354 3.19375 0.28031 
 25 35.57971 98.32436 3.05225 3.23921 0.27397 
 30 42.69565 111.22416 3.72237 3.3179 0.27944 
       

Flame K HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 
     

 14 25.0789 39.92188 2.80791 2.39821 0.3118 
 16 28.6616 47.57843 3.0518 2.46414 0.28795 
 18 32.2443 53.66579 2.13822 2.59838 0.18769 
 20 35.827 59.48496 1.76119 2.62388 0.16235 
 22 39.4097 63.92012 2.05839 2.75259 0.16425 
 25 44.78375 71.11585 1.4763 2.78585 0.11593 
 30 53.74049 79.88594 1.40368 2.93295 0.1037 
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Flame F HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 17.84966 46.18365 2.16123 2.52765 0.23077 
 12 21.41959 57.0237 1.74682 2.61019 0.15995 
 14 24.98952 65.2813 2.14646 2.78389 0.21336 
 16 28.55945 74.54936 2.1156 2.83353 0.19167 
 18 32.12938 81.16454 1.87357 2.84736 0.15625 
 20 35.69931 89.29651 3.11715 2.93489 0.22165 
 22 39.26924 93.65502 2.34639 2.98321 0.17 
 25 44.62414 104.57712 2.83951 3.03072 0.17789 
 30 53.54897 114.70202 1.88894 3.17242 0.12001 
       

Flame G HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 14.27972 37.80473 4.0139 2.89342 0.63235 
 10 17.84966 52.99553 4.43397 2.86115 0.51965 
 12 21.41959 65.53649 4.07258 2.95248 0.40525 
 14 24.98952 72.5143 1.40609 3.23857 0.22222 
 16 28.55945 82.37924 3.03521 3.19695 0.3018 
 18 32.12938 88.83717 2.81035 3.31472 0.28758 
 20 35.69931 95.14584 2.62729 3.38937 0.26163 
 22 39.26924 102.55214 3.53738 3.45054 0.27782 
 25 44.62414 110.97428 3.22566 3.56424 0.25384 
 30 53.54897 122.41631 2.84472 3.68084 0.23139 
       

Flame H HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 19.91679 45.668 2.0522 2.6631 0.21538 
 14 23.23626 54.43564 1.60595 2.76704 0.17457 
 16 26.55572 62.7022 2.08825 2.80513 0.18779 
 18 29.87519 69.78908 2.11348 2.92045 0.1782 
 20 33.19465 77.748 3.06535 2.91928 0.22472 
 22 36.51412 84.00382 2.46576 2.95485 0.16982 
 25 41.49331 91.98128 2.2759 3.01147 0.1506 
 30 49.79198 102.13854 1.73185 3.06252 0.11746 
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Flame I HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 18.75659 45.48629 1.72158 2.70836 0.22827 
 14 21.88269 54.81129 3.08213 2.8035 0.34338 
 16 25.00879 62.78731 2.5361 2.86374 0.24394 
 18 28.13488 71.75205 4.21827 2.86715 0.3582 
 20 31.26098 78.10309 3.62925 2.91337 0.28167 
 22 34.38708 86.52478 3.54785 2.88942 0.24765 
 25 39.07623 92.77751 2.80586 2.98455 0.20273 
 30 46.89147 103.85834 2.04571 3.03187 0.14248 
       

Flame J HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 17.07826 45.33163 1.60763 3.16972 0.26343 
 14 19.92464 58.38944 2.39419 3.07365 0.30337 
 16 22.77101 66.84288 3.10865 3.08324 0.32285 
 18 25.61739 76.11492 2.25421 3.14464 0.23144 
 20 28.46377 83.3778 2.39579 3.17893 0.2432 
 22 31.31015 89.83334 2.65354 3.19375 0.28031 
 25 35.57971 98.32436 3.05225 3.23921 0.27397 
 30 42.69565 111.22416 3.72237 3.3179 0.27944 
       

Flame K HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 
     

 14 25.0789 39.92188 2.80791 2.39821 0.3118 
 16 28.6616 47.57843 3.0518 2.46414 0.28795 
 18 32.2443 53.66579 2.13822 2.59838 0.18769 
 20 35.827 59.48496 1.76119 2.62388 0.16235 
 22 39.4097 63.92012 2.05839 2.75259 0.16425 
 25 44.78375 71.11585 1.4763 2.78585 0.11593 
 30 53.74049 79.88594 1.40368 2.93295 0.1037 
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Flame L HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 
     

 14 27.33318 41.42417 2.50164 2.48595 0.27758 
 16 31.23792 49.19795 2.34099 2.51754 0.21969 
 18 35.14266 55.42994 1.77105 2.62579 0.16131 
 20 39.0474 60.60927 1.84213 2.70502 0.16549 
 22 42.95214 66.13593 2.01504 2.75951 0.15997 
 25 48.80925 72.96299 1.24888 2.8372 0.10821 
 30 58.5711 81.38734 1.34675 2.94476 0.09885 
       

Flame M HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 14.83776 49.73579 1.89706 2.35806 0.15661 
 12 17.80531 58.94946 2.8999 2.56816 0.22227 
 14 20.77286 67.7403 1.40308 2.6679 0.11505 
 16 23.74041 78.96087 5.04317 2.79971 0.40549 
 18 26.70796 86.27259 5.05074 2.88791 0.35436 
 20 29.67551 92.98558 4.16829 2.95623 0.27443 
 22 32.64306 103.01727 5.48271 2.97306 0.30407 
 25 37.09439 112.35233 4.68615 3.05853 0.25324 
 30 44.51327 124.1513 2.51888 3.09202 0.18534 
       

Flame N HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 17.4652 54.61107 2.99792 2.6993 0.2855 
 12 20.95824 66.5668 2.88219 2.86701 0.27994 
 14 24.45128 76.62341 2.07007 2.95082 0.18754 
 16 27.94432 88.88964 4.38433 2.94706 0.28707 
 18 31.43736 95.53097 3.84377 2.97384 0.23503 
 20 34.9304 103.81306 3.6666 3.04129 0.20914 
 22 38.42344 112.62705 4.49263 3.05859 0.23671 
 25 43.663 119.4571 2.5568 3.13082 0.15526 
 30 52.3956 130.65569 3.64461 3.29157 0.17519 
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Chapter 5. Effects of hydrogen addition on silica aggregate growth 

 

Flame L HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 
     

 14 27.33318 41.42417 2.50164 2.48595 0.27758 
 16 31.23792 49.19795 2.34099 2.51754 0.21969 
 18 35.14266 55.42994 1.77105 2.62579 0.16131 
 20 39.0474 60.60927 1.84213 2.70502 0.16549 
 22 42.95214 66.13593 2.01504 2.75951 0.15997 
 25 48.80925 72.96299 1.24888 2.8372 0.10821 
 30 58.5711 81.38734 1.34675 2.94476 0.09885 
       

Flame M HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 14.83776 49.73579 1.89706 2.35806 0.15661 
 12 17.80531 58.94946 2.8999 2.56816 0.22227 
 14 20.77286 67.7403 1.40308 2.6679 0.11505 
 16 23.74041 78.96087 5.04317 2.79971 0.40549 
 18 26.70796 86.27259 5.05074 2.88791 0.35436 
 20 29.67551 92.98558 4.16829 2.95623 0.27443 
 22 32.64306 103.01727 5.48271 2.97306 0.30407 
 25 37.09439 112.35233 4.68615 3.05853 0.25324 
 30 44.51327 124.1513 2.51888 3.09202 0.18534 
       

Flame N HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 17.4652 54.61107 2.99792 2.6993 0.2855 
 12 20.95824 66.5668 2.88219 2.86701 0.27994 
 14 24.45128 76.62341 2.07007 2.95082 0.18754 
 16 27.94432 88.88964 4.38433 2.94706 0.28707 
 18 31.43736 95.53097 3.84377 2.97384 0.23503 
 20 34.9304 103.81306 3.6666 3.04129 0.20914 
 22 38.42344 112.62705 4.49263 3.05859 0.23671 
 25 43.663 119.4571 2.5568 3.13082 0.15526 
 30 52.3956 130.65569 3.64461 3.29157 0.17519 
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Chapter 6 
Soot aggregate growth in 1-D ethylene/air flames 

 
 
The growth of soot volume fraction and aggregate size was studied in burner-stabilized 
premixed C2H4/air flames with equivalence ratios between 2.0 and 2.35 as function of height 
above the burner using laser induced incandescence (LII) to measure soot volume fractions, 
and angle-dependent light scattering (ADLS) to measure corresponding aggregate sizes. 
Flame temperatures were varied at fixed equivalence ratio by changing the exit velocity of 
the unburned gas mixture. Temperatures were measured using spontaneous Raman 
scattering in flames with equivalence ratios up to 𝜙𝜙𝜙𝜙 = 2.1, with results showing good 
correspondence (within 50 K) with temperatures calculated using the San Diego 
mechanism. Both the soot volume fraction and radius of gyration strongly increase in richer 
flames. Furthermore, both show a non-monotonic dependence on flame temperature, with 
a maximum occurring at ∼1675 K for the volume fraction and ∼1700 K for the radius of 
gyration. The measurement results were compared with calculations using two different 
semi-empirical two-equation models of soot formation. Numerical calculations using both 
mechanisms substantially overpredict the measured soot volume fractions, although the 
models do better in richer flames. The model accounting for particle coagulation 
overpredicts the measured radii of gyration substantially for all equivalence ratios, although 
the calculated values improve at 𝜙𝜙𝜙𝜙 = 2.35.   

This chapter is based on the work presented in: Langenkamp PN, van Oijen JA, Levinsky HB, Mokhov AV. Growth of 
Soot Volume Fraction and Aggregate Size in 1D Premixed C2H4/Air Flames Studied by Laser-Induced Incandescence 
and Angle-Dependent Light Scattering. J Combust 2018;2018:1–13. 

83 


	Chapter 5

