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Introduction
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 major problem for utilizing biogas is that it contains high
fractions of CO2, which result 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 [2e5], 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 [6e10], ignition
properties [11e13], flame stability enhancement [9,14e16],
and the effect of hydrogen addition on NO and soot precursor
formation [17e19]).
Another issue complicating the implementation of biogas
in the energy infrastructure is the presence of trace compounds like siloxanes. Deleterious effects on the performance
of combustion equipment caused by the deposition of the
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silica particles generated by the combustion of siloxanecontaining fuels put limits on acceptable concentrations of
siloxane impurities [20]. It is important to note that these effects are not simply a function of the concentration of silica in
the flue gases, but in fact, the structure of silica aggregates is a
major determinant for the impact of deposition in combustion
equipment. “Fluffy” fractal structures will block a larger volume, for example in a heat exchanger, than a denser layer of
equal mass [21]. This underlines the importance of understanding what happens on the aggregate level.
Although many studies on silica aggregate growth have
been performed both in hydrocarbon flames [22e27] and in
hydrogen flames [28e32], 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 hexamethyldisiloxane
C6H18Si2O (abbreviated as L2) as silica precursor. Laser light
scattering measurements are used to measure the development of the aggregates' radius of gyration Rg and the radius a
of the primary particles (monomers) comprising these
aggregates.

Setup and processing of scattering data
Silica aggregates were produced in atmospheric-pressure, flat
premixed methane/hydrogen/L2/air flames, stabilized above a
perforated ceramic burner deck. The burner system, gas
supply and bubbler system used to add L2 to the gas mixture
are identical to those used in our previous studies of silica
aggregate growth in methane flames [27], with the exception
of the addition of the supply of hydrogen and corresponding
flow meter. The measurements of particle properties in the
post-flame zone were performed by laser light scattering,
using a setup similar to that used in our previous study [27]; in
the current setup, we use a different laser (Viasho, 1 W at
532 nm). 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 min were averaged, resulting in a standard deviation of the measured scattering signal of typically less than 5%. The gyration radius Rg
was determined using angle dependent light scattering, as
described previously [27].
The primary particle radius a was determined from the
scattering signal as follows. In general, the measured signal
produced by scatterers with number density N, scattering the
laser radiation of power PL and wavelength l at scattering
angle q, is given by:
I ¼ c0 PL N

dsðq; lÞ
dU

(1)

where c0 is a constant accounting for setup parameters, such
as sampling volume, detector sensitivity and collection angle;
is the differential scattering cross section of the
and dsðq;lÞ
dU
particles. For silica aggregates formed by monomers,
assuming that there is no intracluster multiple scattering, the
differential scattering cross section is given by Ref. [33]:

dsm

dsSiO2 ðq; lÞ
SiO2 
¼ n2
S q; Rg
dU
dU

(2)

with sm
SiO2 the scattering cross section of the individual
monomers; n the number of monomers per aggregate; and
Sðq; Rg Þ the structure factor, which is dependent upon the

q
magnitude of the scattering wave-vector q ¼ 4p
sin
. For
l
2
small

aggregates

Sðq; Rg Þ

can

be

approximated

as

Sz1 þ 13q2 R2g =3 [33] (this formula also forms the basis for the
angle-dependent light scattering approach to measuring Rg
used below [27]). The differential scattering cross section for a
monomer with radius a and composed of a material with
refractive index m, in turn, is [34]:
dsm
SiO2
dU

¼ k4 a6 FðmÞ

(3)



 2 12
 . In the present work, we aswhere k ¼ 2p
, and FðmÞ ¼ m
l
m2 þ2
sume that the refractive index of the silica aggregates is
approximately equal to that of silica glass at room temperature (m z 1.5e107 i at 532 nm [35]). Taking into account the
weak temperature dependence of the silica refraction index
(~105 K1 [36]) we expect only a small increase (no more than
5%) in FðmÞ at flame temperatures in comparison to that at
room temperature. Finally, combining Eqs. (1) through (3)
gives the following expression for the measured signal produced by silica particles:


ISiO2 ¼ c0 PL k4 FðmÞS q; Rg NSiO2 n2 a6

(4)

where NSiO2 is the number density of silica aggregates. In
present work, c0 PL is determined by measuring (at the same
laser power PL ) the scattering signal ISF6 from sulfur hexafluoride (SF6) purged through the burner surface. From Eq. (1) it
follows that
c0 PL ¼

4pISF6
sSF6 NSF6

(5)

where sSF6 is the total scattering cross section of SF6
(3.23  1026 cm2 at 532 nm [37]), and NSF6 the number density
of SF6 molecules.
Since the number of monomers inside an aggregate is
related to a through n ¼ ðRg =aÞDf ,where Df is the fractal
dimension [38] (which we assume to be approximately 1.8
[33]), we can write the following relation, expressing the
monomer radius through experimentally determined parameters ISiO2 , ISF6 and Rg :
a¼

sSF6 NSF6 ISiO2


D
3Rg f ISF6 k4 FðmÞS q; Rg fv

1
!3D

f

(6)

where fv ¼ 43 pna3 NSiO2 is the silica volume fraction in the
combustion products, which 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:
fv ¼

2cL2 Mcp MSiO2 P
Mfuel=air rSiO2 RT

(7)
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Here cL2 is the molar fraction of L2 in the fuel/air mixture;
Mcp , MSiO2 and Mfuel=air the molecular masses of the combustion
products, silica and the fuel/air mixture respectively; P the
pressure; rSiO2 the density of solid silica (where for the
monomers we assume the silica bulk density of 2.65 g/cm3
[39]); R the gas constant; and T the flame temperature. In the
present work cL2 and Mfuel=air were calculated using the compositions of the unburned fuel/air mixture, while for calculations of Mcp the composition of the combustion products,
obtained in numerical simulations (see below) was used.

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 M_ was set to 0.0102 g/
cm2s for most flames. Provided that the fraction of L2 in the
fuel b is small, the composition of the unburned fuel/air
mixture can be chemically presented as




3
3
f$ð1  gÞCH4 þ f$g$H2 þ f$b$L2 þ 2  g O2 þ 3:77$ 2  g N2
2
2
(8)
where f is the fuel equivalence ratio, and g the fraction of
hydrogen in the fuel. An overview of the flame conditions
examined here is given in Table 1. To facilitate the analysis of
the experimental results, one-dimensional flame calculations
were performed using the code from the Cantera suite [40]
with the GRI-Mech 3.0 chemical mechanism [41]. Additional
calculations were performed with the Konnov mechanism [42]
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 [43]. It should be pointed out that
extended experimental verifications [18,44] 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
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calculated flame composition at the same height, are also
presented in Table 1. The calculations indicate that the influence of hydrogen addition at fixed M_ and f on flame temperature is modest for small values of g. For example, for the
highest value in this study of g ¼ 0.4, the flame temperature at
1 cm above the burner for f ¼ 1 and M_ ¼ 0.0102 g/cm2s drops
from 1855 K to 1805 K (see Table 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
[45].
Axial profiles of Rg and a 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 [46]. Stray light scattered from the burner setup
limited the measurements to heights >8 mm above the burner
surface. To facilitate the comparison of Rg and a 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 previous work [27], a small part of the
pﬃﬃﬃ
data was acquired outside the regime of qRg  3 that is
known to yield accurate Rg [33,47]. Because the plots of
Ið0Þ=IðqÞ versus q2 remain linear, it is expected that fits still give
reliable values for Rg [33]. The full set of experimental data can
be found in Appendix A.

Dependence of aggregate size on hydrogen fraction
The measured gyration radii Rg of silica aggregates produced
by 6000 ppm L2 in the fuel in stoichiometric flames with
M_ ¼ 0.0102 g/cm2s are shown in Fig. 1, for g ¼ 0, 0.2 and 0.4
(flames A, B and D in Table 1). Rg is observed to grow with time
for all hydrogen fractions. For example, at g ¼ 0.4 Rg increases
from approximately 35 nm at a residence time tres of
18 mse105 nm at 55 ms. In addition, particles in flames with
higher hydrogen fraction are consistently larger when
compared at equal tres (approximately by 10% and 20% for

Table 1 e Flame conditions used in this work.
Flame
A
B
C
D
E
F
G
H
I
J
K
L
M
N
a

f

g

bðppmÞ

xðppmÞa

2
_
g=cm2 s
M=10

TðKÞ

1
1
1
1
1
1
1
1
1
1
0.8
0.8
1.3
1.3

0
0.2
0.3
0.4
0
0
0
0.2
0.3
0.4
0.2
0
0.2
0

6000
6000
6000
6000
7020
7670
8460
6000
6000
6000
6000
7030
6000
7010

1140
1330
1450
1600
1330
1450
1600
1330
1450
1600
1090
1090
1680
1680

1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.08
1.13
1.23
1.09
1.02
1.17
1.02

1855
1835
1820
1805
1855
1855
1855
1850
1850
1855
1715
1715
1875
1875

x is the fraction of silica in the combustion products.

Fig. 1 e Radius of gyration Rg as function of residence time
tres for stoichiometric flames A, B and D with hydrogen fuel
fractions g ¼ 0, 0.2 and 0.4.
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g ¼ 0.2 and 0.4, respectively, compared to g ¼ 0 at all residence
times). Neglecting for the moment the influence of g on flame
temperature, we might be able to attribute the change in Rg to
the influence of the concentration x of silica in the combustion
products. It is known that at constant temperature Rg increases with the concentration of precursor molecules when
the growth of particles takes place through collisions [48].
Since the amount of air needed for a given equivalence ratio
decreases with increasing hydrogen fraction (Eq. (8)), a constant siloxane fraction in the fuel will result in a higher SiO2
fraction in the burned gases, as seen in Table 1. Thus, we
expect higher g to result in larger particles.
To test this expectation, we performed additional measurements of Rg in pure CH4 flames with silica fractions in the
combustion products matching those of the flames with
added hydrogen. A comparison between flame D (g ¼ 0.4) and
its corresponding reference flames A and G is presented in
Fig. 2. Contrary to our expectations, the measurements (which
are also representative for what is observed for lower
hydrogen fractions) show a large difference in Rg between
flames D and G with equal concentration of silica in the
combustion products (x ¼ 1600 ppm). Increasing x in the pure
methane flame from 1140 to 1600 ppm resulted in gyration
radii Rg larger than those in the hydrogen flame D, while for
the same fraction in the fuel (b) lower Rg 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 earlier examination of its influence on silica aggregate growth [27], the observed differences in Rg 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 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 Fig. 3 as function of tres (results for g ¼ 0.3
are omitted for clarity, but can be found in Appendix A), show
excellent agreement with the radii measured in the flames
with the same temperatures and total SiO2 mole fraction in

Fig. 2 e Radius of gyration Rg as function of residence time
tres for stoichiometric flames: flame D with hydrogen fuel
fraction g ¼ 0.4 and two methane/air flames, one with the
same concentration of L2 in fuel b (flame A) and the other
with the same concentration of silica in the combustion
products x (flame G).

Fig. 3 e Radius of gyration Rg 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 x, all at T ¼ 1855 K.
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.

Monomer size
The measured primary particle radii a in flames A, B and D are
shown in Fig. 4 as a function of tres . As follows from Equation
(6), the standard deviation of a is determined by noise in ISiO2 ,
ISF6 and Rg . The standard deviations of the measured a (~10%)
are also shown in the figure. The monomer radius is seen to
follow the trend in Rg , 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

Fig. 4 e Monomer radius a as function of residence time tres
for stoichiometric flames A, B and D with hydrogen fuel
fractions g ¼ 0, 0.2 and 0.4.
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Fig. 5 e Monomer radius a as function of residence time tres
for stoichiometric flames: flames C and I with hydrogen
fuel fraction g ¼ 0.3 and two methane/air flames, one with
the same concentration of L2 in fuel b (flame A) and
another with the same concentration of silica in the
combustion products x (flame F).

below the melting temperature of quartz [49] 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 Rg ; a typical
example is shown in Fig. 5 for g ¼ 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. [26] 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 tres . 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.

Effect of equivalence ratio
The effect of hydrogen addition was also studied in lean
(f ¼ 0.8) and rich (f ¼ 1.3) flames. 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 (T ¼ 1715 K, 1855 K
and 1875 K for f ¼ 0.8, 1 and 1.3, respectively, see Table 1). The
axial profiles of Rg , presented in Fig. 6, show strong differences
between particle sizes in flames of different equivalence ratios, reasonably consistent with the changes in Rg with flame
temperature seen in the stoichiometric flames. Similar to the
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Fig. 6 e Radius of gyration Rg as function of residence time
tres for hydrogen/methane/air flames with g ¼ 0.2 and
methane/air flames at f ¼ 0.8 (flames K and L), f ¼ 1.0
(flames E and H) and f ¼ 1.3 (flames M and N). The
methane/air flames have the same temperature and
concentration x of silica in the combustion products as the
corresponding flames with added hydrogen of the same f.

Fig. 7 e Comparison of monomer radius a as function of
residence time tres for lean flames at f ¼ 0.8 with hydrogen
fuel fraction g ¼ 0.2 (flame K) and pure methane/air flame
with equal concentration of silica in the combustion
products x and flame temperature (flame L), and rich
flames at f ¼ 1.3 with g ¼ 0.2 (flame M) and pure methane/
air flame with equal x and flame temperature (flame N).
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 a in lean and rich
flames are shown in Fig. 7. The observed growth in primary
particle radius with time for the various conditions is similar
to that shown in Fig. 5 for the stoichiometric flames.

Conclusions
The effect of hydrogen addition on silica aggregate growth in
CH4/hexamethyldisiloxane/air burner-stabilized flames was
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studied in flames of equivalence ratio f ¼ 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 Rg 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 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.

Appendix A. Supplementary data
Supplementary data related to this article can be found at
https://doi.org/10.1016/j.ijhydene.2017.12.022.
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