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Chapter 6. Soot aggregate growth in 1-D ethylene/air flames 
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Chapter 7 
Effects of hydrogen addition on soot aggregate growth 

 
 
The effect of hydrogen addition on soot aggregate growth in burner-stabilized ethylene/air 
flames is reported. Profiles of the aggregate’s radius of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, volume fraction 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 and 
monomer radius 𝑎𝑎𝑎𝑎 versus residence time were measured by laser light scattering and laser-
induced incandescence. Experiments were performed at equivalence ratios 2.3 and 2.35, 
with mole fractions of 0 – 0.4 of hydrogen in the fuel. Keeping the flame temperature and 
equivalence ratio constant upon hydrogen addition resulted in a decrease in 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣, 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 𝑎𝑎𝑎𝑎, 
with the first two parameters decreasing faster than linearly in hydrogen fraction 𝛾𝛾𝛾𝛾. 
Furthermore, the effect observed here is stronger than that at constant C/O and exit 
velocity. The measurement results were compared with calculations using two different 
semi-empirical two-equation models of soot formation. Numerical calculations using the 
mechanism with more detailed soot oxidation do quite well predicting 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 and 𝑎𝑎𝑎𝑎 at 𝛾𝛾𝛾𝛾 = 0, but 
underestimate the impact of hydrogen addition (by over a factor of two in the case of soot 
volume fraction). The model accounting for particle coagulation severely underpredicts the 
impact of hydrogen addition on 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and severely overpredicts the aggregate size for all 
conditions.   

This chapter is based on the work presented in: Langenkamp PN, Levinsky HB, Mokhov AV., van Oijen JA. The 
Effects of Hydrogen Addition on Soot Aggregate Growth in Atmospheric-Pressure, 1-D Ethylene/Air Flames. Int J 
Hydrogen Energy 2018:Submitted for publication. 
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Chapter 7. Effects of hydrogen addition on soot aggregate growth 

 

7.1. Introduction 

Hydrogen is an attractive potential alternative for hydrocarbon fuels, as combusting it does 
not produce soot and carbon dioxide. However, its low volumetric energy density and high 
flammability can pose problems in practical applications. Hydrogen-hydrocarbon hybrid 
fuels are interesting because they promise to improve combustion performance compared 
to pure hydrogen, while also reducing pollutant emission as compared to hydrocarbons. 
But due to the nonlinear and generally complex nature of the microscopic processes 
involved in different aspects of combustion, predicting the combustion properties 
quantitatively, and even qualitatively, for blended fuels based on those of the individual 
components or on simple parameters like the C/H ratio (see, for example [1]) is 
problematical. For this reason, many detailed studies of hydrogen/hydrocarbon mixtures 
have been performed with regards to the individual combustion properties such as burning 
velocity [2–4], ignition properties [5–7] and flame stability [8,9], as well as NO and soot-
precursor formation [10–12]. 

Predicting the formation and growth of soot in flames is challenging, even in 
relatively simple systems. And addition of hydrogen significantly complicates processes of 
soot formation both chemically and due to its high diffusivity, which is particularly 
manifest in multidimensional diffusion flames. Thus, detailed experiments are necessary to 
improve our understanding of the processes involved and to benchmark model 
development. As we established in previous chapters, premixed 1-D flames with ethylene as 
fuel are convenient (and often used) for testing models of soot formation because they offer 
well-defined conditions that are amenable to analysis and can be stabilized at high 
equivalence ratio, where considerable amounts of soot are formed. For this reason, 
hydrogen/ethylene flames are an obvious choice for testing the effects of hydrogen addition 
on soot formation both numerically and experimentally. Notable previous studies include 
work by Gülder et al. [13] and Zhao et al. [14], who studied the influence of the addition of 
hydrogen to ethylene diffusion flames on soot volume fraction experimentally. Their results 
showed that hydrogen addition reduces the soot fraction due to both dilution and chemical 
effects, a finding that is also confirmed by the numerical study by Guo et al. [15]. In 
premixed ethylene flames, Haynes et al. [16] observed that addition of hydrogen to the 
unburned gases reduced the critical C/O ratio of soot inception, but for up to 3% hydrogen 
in the unburned gases did not see an impact on the yield of soot beyond the critical C/O 
ratio. At considerably higher concentrations of hydrogen (20% and 40%), using laser light 
scattering, extinction and TEM measurements, Iuliis et al. [17] found that hydrogen 
addition results in a reduction in soot concentration, radius of gyration and monomer size. 
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7.2. Experimental 

 
In their study, they held the exit velocity and C/O ratio of the fuel-air mixture constant, 
while varying the hydrogen fraction in the fuel. Fixing the exit velocity and C/O ratio when 
adding 40% hydrogen in this study resulted in increasing the equivalence ratio from 2.3 to 
2.7, while the flame temperature decreased from 1736 to 1680 K arising from changes in 
equivalence ratio and flame stabilization. In contrast, maintaining a constant flame 
temperature can be useful to assess the effect of hydrogen addition more accurately, since 
soot inception in premixed ethylene flames is strongly dependent upon flame temperature: 
a change of 50 K in flame temperature can result in a difference of a factor of 2 in soot 
volume fraction [18–20]. Constant flame temperature at constant equivalence ratio while 
adding hydrogen can be achieved by (slight) adjustment of the exit velocity to alter the 
degree of stabilization. To our knowledge, no studies on the impact of hydrogen addition 
on soot formation exist where parameters were varied in such a way.  

The aim of this chapter is to expand on the study of Iuliis et al. [17] of the effect of 
hydrogen addition to ethylene fuel on the formation and growth of soot particles, by 
comparing flames at equal temperature and equivalence ratio. Here, aggregate growth in 
premixed, burner-stabilized ethylene/hydrogen/air flames was studied as a function of 
height above the burner for flame temperatures of approximately 1740 K and 1710 K at 
equivalence ratios 𝜙𝜙𝜙𝜙 of 2.3 and 2.35 respectively. These conditions were chosen because 
they provide strongly sooting, but also stable, burner-stabilized flames. Also, in pure 
ethylene/air flames the measured radii of gyration of soot aggregates attained a maximum 
around these temperatures upon varying the exit velocity at fixed equivalence ratio, as 
shown in 0. Here, we present soot volume fractions measured using laser-induced 
incandescence (LII) and soot aggregates’ radii of gyration by means of laser light scattering. 
Additionally, we derive the radii of the primary particles (monomers) comprising the 
aggregates from the experimental results. Like in previous chapter, the results are compared 
with numerical simulations using the semi-empirical models of soot formation by Leung et 
al. [21] and by Liu et al. [22]. 

7.2. Experimental 

Soot aggregates were produced in atmospheric-pressure, flat, premixed 
ethylene/hydrogen/air flames stabilized above the McKenna burner with nitrogen shroud. 
The mass fluxes of ethylene, hydrogen and air were controlled independently using the flow 
control and measurement system described in Section 2.5 to obtain flames with the desired 
equivalence ratio, 𝜙𝜙𝜙𝜙, and hydrogen fraction, 𝛾𝛾𝛾𝛾, in the fuel. 

105 



7

Chapter 7. Effects of hydrogen addition on soot aggregate growth 

 

7.1. Introduction 

Hydrogen is an attractive potential alternative for hydrocarbon fuels, as combusting it does 
not produce soot and carbon dioxide. However, its low volumetric energy density and high 
flammability can pose problems in practical applications. Hydrogen-hydrocarbon hybrid 
fuels are interesting because they promise to improve combustion performance compared 
to pure hydrogen, while also reducing pollutant emission as compared to hydrocarbons. 
But due to the nonlinear and generally complex nature of the microscopic processes 
involved in different aspects of combustion, predicting the combustion properties 
quantitatively, and even qualitatively, for blended fuels based on those of the individual 
components or on simple parameters like the C/H ratio (see, for example [1]) is 
problematical. For this reason, many detailed studies of hydrogen/hydrocarbon mixtures 
have been performed with regards to the individual combustion properties such as burning 
velocity [2–4], ignition properties [5–7] and flame stability [8,9], as well as NO and soot-
precursor formation [10–12]. 

Predicting the formation and growth of soot in flames is challenging, even in 
relatively simple systems. And addition of hydrogen significantly complicates processes of 
soot formation both chemically and due to its high diffusivity, which is particularly 
manifest in multidimensional diffusion flames. Thus, detailed experiments are necessary to 
improve our understanding of the processes involved and to benchmark model 
development. As we established in previous chapters, premixed 1-D flames with ethylene as 
fuel are convenient (and often used) for testing models of soot formation because they offer 
well-defined conditions that are amenable to analysis and can be stabilized at high 
equivalence ratio, where considerable amounts of soot are formed. For this reason, 
hydrogen/ethylene flames are an obvious choice for testing the effects of hydrogen addition 
on soot formation both numerically and experimentally. Notable previous studies include 
work by Gülder et al. [13] and Zhao et al. [14], who studied the influence of the addition of 
hydrogen to ethylene diffusion flames on soot volume fraction experimentally. Their results 
showed that hydrogen addition reduces the soot fraction due to both dilution and chemical 
effects, a finding that is also confirmed by the numerical study by Guo et al. [15]. In 
premixed ethylene flames, Haynes et al. [16] observed that addition of hydrogen to the 
unburned gases reduced the critical C/O ratio of soot inception, but for up to 3% hydrogen 
in the unburned gases did not see an impact on the yield of soot beyond the critical C/O 
ratio. At considerably higher concentrations of hydrogen (20% and 40%), using laser light 
scattering, extinction and TEM measurements, Iuliis et al. [17] found that hydrogen 
addition results in a reduction in soot concentration, radius of gyration and monomer size. 

104 

7.2. Experimental 

 
In their study, they held the exit velocity and C/O ratio of the fuel-air mixture constant, 
while varying the hydrogen fraction in the fuel. Fixing the exit velocity and C/O ratio when 
adding 40% hydrogen in this study resulted in increasing the equivalence ratio from 2.3 to 
2.7, while the flame temperature decreased from 1736 to 1680 K arising from changes in 
equivalence ratio and flame stabilization. In contrast, maintaining a constant flame 
temperature can be useful to assess the effect of hydrogen addition more accurately, since 
soot inception in premixed ethylene flames is strongly dependent upon flame temperature: 
a change of 50 K in flame temperature can result in a difference of a factor of 2 in soot 
volume fraction [18–20]. Constant flame temperature at constant equivalence ratio while 
adding hydrogen can be achieved by (slight) adjustment of the exit velocity to alter the 
degree of stabilization. To our knowledge, no studies on the impact of hydrogen addition 
on soot formation exist where parameters were varied in such a way.  

The aim of this chapter is to expand on the study of Iuliis et al. [17] of the effect of 
hydrogen addition to ethylene fuel on the formation and growth of soot particles, by 
comparing flames at equal temperature and equivalence ratio. Here, aggregate growth in 
premixed, burner-stabilized ethylene/hydrogen/air flames was studied as a function of 
height above the burner for flame temperatures of approximately 1740 K and 1710 K at 
equivalence ratios 𝜙𝜙𝜙𝜙 of 2.3 and 2.35 respectively. These conditions were chosen because 
they provide strongly sooting, but also stable, burner-stabilized flames. Also, in pure 
ethylene/air flames the measured radii of gyration of soot aggregates attained a maximum 
around these temperatures upon varying the exit velocity at fixed equivalence ratio, as 
shown in 0. Here, we present soot volume fractions measured using laser-induced 
incandescence (LII) and soot aggregates’ radii of gyration by means of laser light scattering. 
Additionally, we derive the radii of the primary particles (monomers) comprising the 
aggregates from the experimental results. Like in previous chapter, the results are compared 
with numerical simulations using the semi-empirical models of soot formation by Leung et 
al. [21] and by Liu et al. [22]. 

7.2. Experimental 

Soot aggregates were produced in atmospheric-pressure, flat, premixed 
ethylene/hydrogen/air flames stabilized above the McKenna burner with nitrogen shroud. 
The mass fluxes of ethylene, hydrogen and air were controlled independently using the flow 
control and measurement system described in Section 2.5 to obtain flames with the desired 
equivalence ratio, 𝜙𝜙𝜙𝜙, and hydrogen fraction, 𝛾𝛾𝛾𝛾, in the fuel. 

105 



Chapter 7. Effects of hydrogen addition on soot aggregate growth 

 
The LII and light scattering measurements in the post-flame zone were performed 

as described before, using the same setup that was used in the previous chapter (Figure 6.2) 
and again relying on the LLE measurement for calibration. Additionally, the monomer radii 
𝑎𝑎𝑎𝑎 were calculated from the absolute scattering signal using the measured 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 as 
described in Section 3.2.1. 

The flames in this chapter were modeled with the same numerical model that was 
used in our previous study on soot in pure ethylene/air flames (0), where a set of one-
dimensional conservation equations of mass, gas phase species and energy was solved with 
the chemical-kinetic San Diego mechanism [23]. In these calculations, we neglect heat loss 
due to soot radiation, which is minor at small axial distance (Section 6.4.1). The 
uncertainties of the 1-D flame temperature calculations were assessed in the previous 
chapter for pure ethylene/air flames. While the temperature measurements were frustrated 
in progressively richer flames due to the increased interference from soot radiation, it was 
possible to implement the Raman thermometry in ethylene flames with equivalence ratios 
up to 𝜙𝜙𝜙𝜙 = 2.1 with results showing good correspondence to temperatures calculated using 
the San Diego mechanism (Raman temperatures are within 50 K of calculations). Even 
though the soot volume fraction is higher by nearly a factor of 4 at 𝜙𝜙𝜙𝜙 = 2.35 compared to 
𝜙𝜙𝜙𝜙 = 2.1, the impact of radiative heat losses on flame temperature at low HAB is still 
expected to be minor and we will again use the computed temperatures at HAB = 5 mm to 
characterize the flames. 
  Like in the previous chapter, the set of conservation equations used for the 
numerical calculations is augmented by conservation equations for soot mass fraction 𝑌𝑌𝑌𝑌𝑠𝑠𝑠𝑠 
and number density 𝑁𝑁𝑁𝑁𝑠𝑠𝑠𝑠 (in particles per kg of mixture), using the semi-empirical, acetylene-
based models by Leung et al. [21] and by Liu et al. [22] to describe soot formation and 
growth as described in Section 6.3. 

7.3. Results and discussion 

Ethylene/hydrogen/air mixtures with varying fractions of H2 (𝛾𝛾𝛾𝛾 = 0, 0.2, 0.3 and 0.4) have 
been studied in this chapter, for both equivalence ratios 𝜙𝜙𝜙𝜙 = 2.3 and 2.35. The compositions 
of these mixtures can be formally presented as 

𝜙𝜙𝜙𝜙 ∙ (1 − 𝛾𝛾𝛾𝛾)𝐶𝐶𝐶𝐶2𝐻𝐻𝐻𝐻4 + 𝜙𝜙𝜙𝜙 ∙ 𝛾𝛾𝛾𝛾 ∙ 𝐻𝐻𝐻𝐻2 + �3 −
5
2
𝛾𝛾𝛾𝛾�𝑂𝑂𝑂𝑂2 + 3.77 ∙ �3 −

5
2
𝛾𝛾𝛾𝛾�𝑁𝑁𝑁𝑁2 .  (7.1) 
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The exit velocities 𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 of the unburned ethylene/hydrogen/air mixtures were adjusted 
such that the calculated temperatures for all flames with equal 𝜙𝜙𝜙𝜙 were similar (1740 K for 
𝜙𝜙𝜙𝜙 = 2.3 and 1710 K for 𝜙𝜙𝜙𝜙 = 2.35; conditions where the models by Leung et al. and Liu et al. 
perform relatively well in predicting 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 for 𝛾𝛾𝛾𝛾 = 0, as we saw in 0). Here, we once more 
exploit the fact that the exit velocity of the fuel/air mixture determines the degree of flame 
stabilization and consequently the amount of heat transfer to the burner. An overview of 
the exit velocities at 300 K derived from the measured mass flows of gases, used to attain the 
specified flame conditions is given in Table 7.1. Gas flows are measured with an accuracy of 
2%, resulting in a variation of less than 5 K in the calculated flame temperatures. We should 
note that the paucity of reliable burning velocity data at 𝜙𝜙𝜙𝜙 > 2.1 means that the accuracy of 
the San Diego Mechanism for the equivalence ratios used here cannot be easily verified. 
However, we deem this uncertainty not to have a substantial impact on the conclusions 
drawn here, since the flame temperatures for different hydrogen fractions are expected to 
vary only modestly. Furthermore, if future studies provide a more reliable oxidation 
mechanism for ethylene at very fuel-rich conditions, the absolute flame temperatures in this 
work can easily be reevaluated from the specified exit velocities. We note that, while the 
equivalence ratios chosen differ only by 0.05, the flame at 𝜙𝜙𝜙𝜙 = 2.35 has significantly more 
soot than at 2.3, and thus provides additional information on the trends observed, as will be 
seen below. Varying 𝜙𝜙𝜙𝜙 over a larger range was not possible as the particles become 
prohibitively small to accurately measure 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 for high 𝛾𝛾𝛾𝛾 in leaner flames, while instabilities 
due to low exit velocities that develop in flames at higher equivalence ratios, preclude 
widening the range of experiments towards these fuel mixtures. 
 

Table 7.1. Flame conditions used in this work, with the exit velocities at 300 K derived from the measured mass flows 
of gases. 

𝜸𝜸𝜸𝜸 𝝓𝝓𝝓𝝓 = 2.3, 𝑻𝑻𝑻𝑻 = 1740 K 
𝒗𝒗𝒗𝒗𝒓𝒓𝒓𝒓𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒕𝒕𝒕𝒕 (𝐜𝐜𝐜𝐜𝐩𝐩𝐩𝐩/𝐬𝐬𝐬𝐬) 

𝝓𝝓𝝓𝝓 = 2.35, 𝑻𝑻𝑻𝑻 = 1710 K 
𝒗𝒗𝒗𝒗𝒓𝒓𝒓𝒓𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒕𝒕𝒕𝒕 (𝐜𝐜𝐜𝐜𝐩𝐩𝐩𝐩/𝐬𝐬𝐬𝐬) 

0  9.00 8.00 
0.2 9.26 8.25 

0.3 9.47 8.42 
0.4 9.70 8.65 
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Table 7.1. Flame conditions used in this work, with the exit velocities at 300 K derived from the measured mass flows 
of gases. 

𝜸𝜸𝜸𝜸 𝝓𝝓𝝓𝝓 = 2.3, 𝑻𝑻𝑻𝑻 = 1740 K 
𝒗𝒗𝒗𝒗𝒓𝒓𝒓𝒓𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒕𝒕𝒕𝒕 (𝐜𝐜𝐜𝐜𝐩𝐩𝐩𝐩/𝐬𝐬𝐬𝐬) 

𝝓𝝓𝝓𝝓 = 2.35, 𝑻𝑻𝑻𝑻 = 1710 K 
𝒗𝒗𝒗𝒗𝒓𝒓𝒓𝒓𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒕𝒕𝒕𝒕 (𝐜𝐜𝐜𝐜𝐩𝐩𝐩𝐩/𝐬𝐬𝐬𝐬) 

0  9.00 8.00 
0.2 9.26 8.25 

0.3 9.47 8.42 
0.4 9.70 8.65 
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7.3.1. Soot volume fraction measurements 

The measured and calculated soot volume fractions, 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣, as function of height above the 
burner HAB are shown in Figure 7.1, for 𝛾𝛾𝛾𝛾 = 0, 0.2, 0.3 and 0.4. The error bars are based on 
the day-to-day reproducibility, which was within 10%. As expected, we observe an increase 
in measured 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 with increasing HAB, for both equivalence ratios and all hydrogen fractions. 
We note that 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 in the pure ethylene flame at 𝜙𝜙𝜙𝜙 = 2.3 is close to what was measured by Iuliis 
et al. [17]. Also, as mentioned above, despite the limited variation in equivalence ratio and 
temperature, the measured values for equal 𝛾𝛾𝛾𝛾 as measured at HAB = 30 mm are roughly 
40% higher in the richer flames. Further, the measured 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 is seen to decrease significantly 
with increasing fraction of hydrogen in the fuel, as the soot volume fraction at 30 mm for 
𝛾𝛾𝛾𝛾 = 0.4 is roughly a quarter of that in the pure ethylene flame. The dependence on 𝛾𝛾𝛾𝛾 (at 
constant 𝜙𝜙𝜙𝜙 and 𝑘𝑘𝑘𝑘) is stronger than observed by Iuliis et al. [17] in their measurements with 
constant exit velocity and C/O ratio. At 𝛾𝛾𝛾𝛾 = 0.4, the soot volume fraction 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 at the highest 
measured HAB of 14 mm in the measurements of Iuliis et al. is approximately a third of the 
fraction in the pure ethylene flame, while at this height we observe a decrease by roughly a 
factor of nine in the current results. The substantial increase in 𝜙𝜙𝜙𝜙 upon hydrogen addition 
in the experiments by Iuliis et al., which itself will increase 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 (also seen in Figure 7.1), is a 
plausible explanation of the differences observed in this trend. 

   
Figure 7.1. Comparison of 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 for hydrogen fuel fractions 𝛾𝛾𝛾𝛾 = 0, 0.2, 0.3 and 0.4 (closed symbols), and calculations 
using the models by Liu et al. [22] (solid lines) and Leung et al. [21] (dashed lines) at equivalence ratios 𝜙𝜙𝜙𝜙 = 2.3 (left) 
and 𝜙𝜙𝜙𝜙 = 2.35 (right). The open symbols in the left figure represent measurements from Iuliis et al. [17] conducted at 
𝜙𝜙𝜙𝜙 = 2.3 for 𝛾𝛾𝛾𝛾 = 0 and constant exit velocity and C/O for 𝛾𝛾𝛾𝛾 = 0.2 and 0.4. 

As was previously observed in 0 with pure ethylene/air flames, the comparison of 
the current measurements with the results of the numerical calculations shows both models 
generally overpredict 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣, with Liu’s model giving somewhat better agreement. In fact, for 
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𝛾𝛾𝛾𝛾 = 0 Liu’s model does quite well up to a height of ∼18 mm. However, it does not reflect the 
slower increase in volume fraction at higher HAB that we see in our measurements and 
Leung’s model, despite the inclusion of oxidation by OH and O in Liu’s model which we 
would expect to temper the increase in soot volume fraction. Calculations using both 
models also reflect the increase in 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 in the 𝜙𝜙𝜙𝜙 = 2.35 flame over that at 𝜙𝜙𝜙𝜙 = 2.3. Finally, 
while both models show a pronounced decrease in soot volume fraction due to hydrogen 
addition, they underestimate the impact compared to our measurements by over a factor of 
two. 

7.3.2. Aggregate size measurements 

Plots of measured gyration radii 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 as function of HAB are shown in Figure 7.2. The error 
bars are based on the quality of the least square fit used to derive 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, with the minimum 
based on the day-to-day reproducibility (always within 10%). Like 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣, the radius of gyration 
increases with increasing HAB for both equivalence ratios and all hydrogen fractions. Here 
too, 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 in the pure ethylene flame at 𝜙𝜙𝜙𝜙 = 2.3 matches well with the measurements by Iuliis 
et al. [17]. While the measured radii are larger at 𝜙𝜙𝜙𝜙 = 2.35 compared to 𝜙𝜙𝜙𝜙 = 2.3, the 
difference is less pronounced than for 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣; this is to be expected, since the mass in the 
aggregates is related to 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 through the fractal dimension. Furthermore, we see a similarly 
strong decrease in aggregate size with increasing fraction of hydrogen in the fuel; the 
gyration radius 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 at 30 mm for 𝛾𝛾𝛾𝛾 = 0.4 is roughly a third of that in a pure ethylene flame. 
The dependence on hydrogen fraction is again stronger than that observed by Iuliis et al. at 
constant exit velocity and C/O ratio: in their study, the addition of 40% hydrogen results 
only in a decrease of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 by a factor of two at the maximum height of 14 mm [17]. This is 
comparable to what we observe for 𝛾𝛾𝛾𝛾 = 0.3 (we were unable to perform reliable 
measurements at this height for 𝛾𝛾𝛾𝛾 = 0.4). The increase in aggregate size at 𝜙𝜙𝜙𝜙 = 2.35 
compared to 𝜙𝜙𝜙𝜙 = 2.3 is small, and mostly within the uncertainty of the measurements. 

As discussed in Section 6.4.3, the numerical models used do not calculate the 
aggregate gyration radius, but it is instructive to derive it based on the simple consideration 

of spherical particles, i.e., 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 = �3
5
 � 3𝑌𝑌𝑌𝑌𝑠𝑠𝑠𝑠

4𝜋𝜋𝜋𝜋𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠𝑁𝑁𝑁𝑁𝑠𝑠𝑠𝑠
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, where the factor �3/5  accounts for 

calculating the sphere’s moment of inertia. We note again that the radius of gyration 
derived in this manner serves as a lower limit, since the aggregates are known to be less 
compact; this underprediction will grow with HAB as it also results in an underestimation 
of the collision frequency. We remind the rider that we only consider the model of Leung et 
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in measured 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 with increasing HAB, for both equivalence ratios and all hydrogen fractions. 
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slower increase in volume fraction at higher HAB that we see in our measurements and 
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gyration radius 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 at 30 mm for 𝛾𝛾𝛾𝛾 = 0.4 is roughly a third of that in a pure ethylene flame. 
The dependence on hydrogen fraction is again stronger than that observed by Iuliis et al. at 
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only in a decrease of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 by a factor of two at the maximum height of 14 mm [17]. This is 
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measurements at this height for 𝛾𝛾𝛾𝛾 = 0.4). The increase in aggregate size at 𝜙𝜙𝜙𝜙 = 2.35 
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compact; this underprediction will grow with HAB as it also results in an underestimation 
of the collision frequency. We remind the rider that we only consider the model of Leung et 

109 



Chapter 7. Effects of hydrogen addition on soot aggregate growth 

 
al. [21], as the omission of coagulation in the model of Liu et al. [22] deprives it of a physical 
basis for calculating the aggregates’ 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔. The calculated gyration radii are shown in Figure 
7.2. As can be seen, the numerical calculations show only a very modest dependence of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 
on 𝛾𝛾𝛾𝛾 (maximum decrease in 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 of less than 20%), thus severely underpredicting the impact 
of hydrogen addition compared to the measurements. Furthermore, as pointed out in 
Section 6.4.3, the seemingly good agreement between calculations and measurements is 
coincidental. If we once more assume that the model predicts the correct amount of mass in 

an aggregate, the radius of gyration again needs to be increased by a factor of �𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔/𝑎𝑎𝑎𝑎�3/𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓−1. 
Thus, based on the typical fractal dimension of 1.8 and monomer size of less than 8 nm (see 
below) we can conclude that for HAB = 30 mm the calculated 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 should have been smaller 
by over a factor of four for the model to be in reasonable agreement with the measurements. 

   
Figure 7.2. Comparison of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 results for hydrogen fuel fractions 𝛾𝛾𝛾𝛾 = 0, 0.2, 0.3 and 0.4 (closed symbols), and 
calculations using the model by Leung et al. [21] (solid lines) at equivalence ratios 𝜙𝜙𝜙𝜙 = 2.3 (left) and 𝜙𝜙𝜙𝜙 = 2.35 (right). 
The open symbols in the left figure represent measurements from Iuliis et al. [17] conducted at 𝜙𝜙𝜙𝜙 = 2.3 for 𝛾𝛾𝛾𝛾 = 0 and 
constant exit velocity and C/O for 𝛾𝛾𝛾𝛾 = 0.2 and 0.4. The measurements for flames with added hydrogen have a slight 
horizontal offset to avoid overlap of the error bars. 

7.3.3. Monomer size 

The measured primary particle radii 𝑎𝑎𝑎𝑎 are shown in Figure 7.3 as function of HAB. For the 
flames with 𝜙𝜙𝜙𝜙 = 2.3, the monomer radius behaves similarly to the soot volume fraction and 
gyration radius: it increases with HAB and the addition of hydrogen is clearly seen to 
reduce the monomer size. For the flames with 𝜙𝜙𝜙𝜙 = 2.35, the picture is less clear. The effect 
of hydrogen addition is less distinct, and while the profiles of monomer radius follow the 
trend observed at 𝜙𝜙𝜙𝜙 = 2.3 for 𝛾𝛾𝛾𝛾 = 0 and 0.3, at 𝛾𝛾𝛾𝛾 = 0.4 the measured monomer radius 
appears to decrease with HAB, although within the uncertainty of the measurements 
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(resulting from noise in the absolute scattering signal, 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣). We note that in our 
analysis, 𝑎𝑎𝑎𝑎 is smaller by a factor of 2 compared to the results reported by Iuliis et al. [17]. 
This may be attributed in part to our use of the fractal dimension 1.8 in calculating the 
monomer radii, compared to the value of 1.64 used by Iuliis et al. for their optical 
measurements (based on their TEM measurements). The measurement uncertainty 
precludes us from further comparison of the relative effect of hydrogen addition at constant 
temperature and equivalence ratio compared to that of Iuliis et al. at constant exit velocity 
and C/O. 

Whereas the model of Leung et al. considers coalescence of particles as an 
infinitely fast process, the model of Liu et al. completely neglects collisions between 
particles. Therefore the particles in Liu’s model are essentially monomers, and their radius 
can be compared to the measured monomer size. Assuming spherical particles as before, 
the monomer radius is simply derived from the calculated number density and mass 

fraction as 𝑎𝑎𝑎𝑎 = � 3𝑌𝑌𝑌𝑌𝑠𝑠𝑠𝑠
4𝜋𝜋𝜋𝜋𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠𝑁𝑁𝑁𝑁𝑠𝑠𝑠𝑠
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. The radii calculated in this manner compare well to the 

measurements in pure ethylene flames, but, as was the case for the calculated soot volume 
fraction, underestimate the impact of hydrogen addition. 

   
Figure 7.3. Comparison of monomer radius 𝑎𝑎𝑎𝑎 results for hydrogen fuel fractions 𝛾𝛾𝛾𝛾 = 0, 0.3 and 0.4 (symbols), and 
calculations using the model by Liu et al. [22] (solid lines) at equivalence ratios 𝜙𝜙𝜙𝜙 = 2.3 (left) and 𝜙𝜙𝜙𝜙 = 2.35 (right). 
The data points for flames with added hydrogen have a slight horizontal off-set to avoid overlap of the error bars. 

7.4. Conclusions 

A combination of laser light scattering measurement and laser-induced incandescence was 
used to measure the radius of gyration, volume fraction and monomer radius of soot 
particles formed in 1-D premixed rich ethylene/hydrogen/air flames for various fractions of 
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al. [21], as the omission of coagulation in the model of Liu et al. [22] deprives it of a physical 
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of hydrogen addition is less distinct, and while the profiles of monomer radius follow the 
trend observed at 𝜙𝜙𝜙𝜙 = 2.3 for 𝛾𝛾𝛾𝛾 = 0 and 0.3, at 𝛾𝛾𝛾𝛾 = 0.4 the measured monomer radius 
appears to decrease with HAB, although within the uncertainty of the measurements 
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(resulting from noise in the absolute scattering signal, 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣). We note that in our 
analysis, 𝑎𝑎𝑎𝑎 is smaller by a factor of 2 compared to the results reported by Iuliis et al. [17]. 
This may be attributed in part to our use of the fractal dimension 1.8 in calculating the 
monomer radii, compared to the value of 1.64 used by Iuliis et al. for their optical 
measurements (based on their TEM measurements). The measurement uncertainty 
precludes us from further comparison of the relative effect of hydrogen addition at constant 
temperature and equivalence ratio compared to that of Iuliis et al. at constant exit velocity 
and C/O. 

Whereas the model of Leung et al. considers coalescence of particles as an 
infinitely fast process, the model of Liu et al. completely neglects collisions between 
particles. Therefore the particles in Liu’s model are essentially monomers, and their radius 
can be compared to the measured monomer size. Assuming spherical particles as before, 
the monomer radius is simply derived from the calculated number density and mass 

fraction as 𝑎𝑎𝑎𝑎 = � 3𝑌𝑌𝑌𝑌𝑠𝑠𝑠𝑠
4𝜋𝜋𝜋𝜋𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠𝑁𝑁𝑁𝑁𝑠𝑠𝑠𝑠
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. The radii calculated in this manner compare well to the 

measurements in pure ethylene flames, but, as was the case for the calculated soot volume 
fraction, underestimate the impact of hydrogen addition. 

   
Figure 7.3. Comparison of monomer radius 𝑎𝑎𝑎𝑎 results for hydrogen fuel fractions 𝛾𝛾𝛾𝛾 = 0, 0.3 and 0.4 (symbols), and 
calculations using the model by Liu et al. [22] (solid lines) at equivalence ratios 𝜙𝜙𝜙𝜙 = 2.3 (left) and 𝜙𝜙𝜙𝜙 = 2.35 (right). 
The data points for flames with added hydrogen have a slight horizontal off-set to avoid overlap of the error bars. 

7.4. Conclusions 

A combination of laser light scattering measurement and laser-induced incandescence was 
used to measure the radius of gyration, volume fraction and monomer radius of soot 
particles formed in 1-D premixed rich ethylene/hydrogen/air flames for various fractions of 
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hydrogen in the fuel mixture. Even the addition of relatively small amounts of H2 results in 
a pronounced decrease in soot volume fraction and aggregate size. At equal equivalence 
ratio and flame temperature, this decrease is faster than linear in hydrogen fraction. The 
effect at constant equivalence ratio and temperature observed here is stronger than that 
observed in a previous study by Iuliis et al. [17] at constant C/O and exit velocity. A 
plausible explanation for this is the substantial increase in 𝜙𝜙𝜙𝜙 upon hydrogen addition under 
the latter conditions, as an increase in equivalence ratio, by itself, results in increased soot 
formation. Hydrogen addition is also seen to decrease monomer size; however, the large 
measurement uncertainty precludes a decisive conclusion about the dependence on 
hydrogen fraction. In future research, improvements can be made to the light scattering 
setup to enable measurements at closer proximity to the burner surface, allowing for 
measurements of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 𝑎𝑎𝑎𝑎 at earlier stages of aggregate growth. 

The measurement results were compared with calculations using the semi-
empirical two-equation models of soot formation by Leung et al. [21] and by Liu et al. [22]. 
In accordance to our observations in 0, the model by Liu et al. in particular does quite well 
predicting 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 for the experimental conditions at 𝛾𝛾𝛾𝛾 = 0, although it does not reflect the 
relatively slow increase in volume fraction at HAB above ∼18 mm. However, while both 
models show a pronounced decrease in soot volume fraction due to hydrogen addition, 
they underestimate the impact of 𝛾𝛾𝛾𝛾 by over a factor of two. We note once more that, for 
predicting 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, Liu’s model lacks the physical basis, while Leung’s model severely 
underpredicts the impact of hydrogen addition. Considering the infinitely fast coalescence 
in the latter model, calculated 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 should actually have been significantly smaller, despite the 
seemingly good correspondence for 𝛾𝛾𝛾𝛾 = 0. Monomer radii derived from the measurement 
results were compared to calculations based on the model of Liu et al., with the calculated 
radii comparing well in pure ethylene flames, but underestimating the impact of hydrogen. 
Future research can compare the results reported here with a more detailed model.
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hydrogen in the fuel mixture. Even the addition of relatively small amounts of H2 results in 
a pronounced decrease in soot volume fraction and aggregate size. At equal equivalence 
ratio and flame temperature, this decrease is faster than linear in hydrogen fraction. The 
effect at constant equivalence ratio and temperature observed here is stronger than that 
observed in a previous study by Iuliis et al. [17] at constant C/O and exit velocity. A 
plausible explanation for this is the substantial increase in 𝜙𝜙𝜙𝜙 upon hydrogen addition under 
the latter conditions, as an increase in equivalence ratio, by itself, results in increased soot 
formation. Hydrogen addition is also seen to decrease monomer size; however, the large 
measurement uncertainty precludes a decisive conclusion about the dependence on 
hydrogen fraction. In future research, improvements can be made to the light scattering 
setup to enable measurements at closer proximity to the burner surface, allowing for 
measurements of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 𝑎𝑎𝑎𝑎 at earlier stages of aggregate growth. 

The measurement results were compared with calculations using the semi-
empirical two-equation models of soot formation by Leung et al. [21] and by Liu et al. [22]. 
In accordance to our observations in 0, the model by Liu et al. in particular does quite well 
predicting 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 for the experimental conditions at 𝛾𝛾𝛾𝛾 = 0, although it does not reflect the 
relatively slow increase in volume fraction at HAB above ∼18 mm. However, while both 
models show a pronounced decrease in soot volume fraction due to hydrogen addition, 
they underestimate the impact of 𝛾𝛾𝛾𝛾 by over a factor of two. We note once more that, for 
predicting 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, Liu’s model lacks the physical basis, while Leung’s model severely 
underpredicts the impact of hydrogen addition. Considering the infinitely fast coalescence 
in the latter model, calculated 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 should actually have been significantly smaller, despite the 
seemingly good correspondence for 𝛾𝛾𝛾𝛾 = 0. Monomer radii derived from the measurement 
results were compared to calculations based on the model of Liu et al., with the calculated 
radii comparing well in pure ethylene flames, but underestimating the impact of hydrogen. 
Future research can compare the results reported here with a more detailed model.
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Summary 

 
 
Combustion is the main source of power and heat, but unfortunately the process also 
typically results in the formation of various pollutants. Greenhouse gases may be the most 
current example, but the combustion-generated fine particulate matter (such as soot) is an 
important source of environmental and health concerns, and can impact the performance 
of combustion equipment. Molecular precursors of particles will condense into small 
clusters, which will in turn collide and merge with other molecules and clusters. In latter 
stages, small spherical clusters, commonly referred to as primary particles or monomers, 
form the basis of what are known as fractal aggregates: dendrite-like structures with a high 
surface to volume ratio, often characterized by their monomer radius, 𝑎𝑎𝑎𝑎, mass-averaged 
root-mean-square radius (a.k.a. radius of gyration, 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔), and fractal dimension, 𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓. The size 
and structure of the solid structures are major determinants for their impact. 

Many different particle species can be generated in combustion, but in this thesis 
we focus on two: soot and silica. Soot is the most ubiquitous type of combustion-generated 
particle, formed during the incomplete combustion of hydrocarbons, which occurs under 
fuel-rich conditions, i.e. where limited oxygen is available. Modeling and predicting soot 
formation and growth in flames remains challenging despite extensive research into the 
topic. For this reason, experimental studies of the formation and growth of soot are 
indispensable in adding to our understanding of relevant processes and for improving 
models of soot formation. Meanwhile, our interest in silica is motivated by the fact that it 
may be formed in the combustion of biogas, owing to trace amounts of siloxanes found 
therein. The deposition of ‘fluffy’ fractal structures will result in more blocked volume in, 
for example a heat exchanger, than a denser layer of equal mass. Therefore, a reliable model 
describing the growth and properties of the aggregates is essential for formulating realistic 
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