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Abstract 
The coupling of solar thermal energy with existing energy conversion technologies 
is fundamental to enlarge the field of applicability and lower the costs of renewable 
energy sources. Traditional combustion technologies have been coupled with solar 
energy mainly by heating up the fuel/oxidizer stream and recently high flux 
radiation technology has been tested to heat up directly a flame. This latter setup 
has the advantage of relative compactness, minimizing the heat losses, and to use 
the high absorption coefficient of combustion by-products present in flame such as 
soot particles. In fact, soot particles formed in flame are responsible for more than 
90% of the total radiation flux and thus it is also responsible for the majority of the 
solar radiation adsorbed. The solar thermal radiation has been already tested in 
these conditions and an increase of the flame temperature and soot volume fraction 
inside the flame have been found, but with an even reduced soot emission from the 
flame. The lack of modelling studies did not allow to fully understand the effect of 
solar radiation and just some hypotheses have been formulated. In this work, we 
use our detailed model of soot formation and oxidation to simulate the behaviors of 
a coflowing diffusion ethylene flame with and without the exposure to a 
concentrated solar radiation. Modelling data are compared with experimental data 
reported in the literature. Our model is able to reproduce the effect of radiation 
both matching the temperature and soot volume fraction increase. On the other 
hand, the model gives the possibility to evaluate the effect of solar radiation on 
flame heating and soot formation and oxidation. Our model is a reliable tool to 
evaluate the effect of solar radiation for future experimental setup designs and 
device analysis. 
 
Introduction 
The use of solar thermal energy in combination with other source of energy, in 
particular with traditional technologies based on fossil and renewable fuels, are 
receiving increasing interest [1]. This combination helps reducing the net emission 
of greenhouse gases and thus reducing the impact of energy conversion on climate. 
On the other hand, it gives also the possibility to readily use, even partially, the 
solar energy with much lower cost and applicability on larger scale. 
The use of the energy from the interaction of solar radiation with available and 
retrofitted technologies has been various and by different approach. Most of the 
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concepts are based on the possibility to use the solar thermal energy to heat air that 
can be used directly as combustion oxidizer [2] or for heating water [3]; 
alternatively, it is possible to use the solar radiation to obtain low-temperature 
modification of service fluids such in the regeneration of exhausted solvents [4]. 
One of the most interesting approach integrates the solar receiver and the 
traditional conversion energy technology in a single structure. This reduces the 
impact of having separate devices, minimizing the dispersions and reducing the 
costs and the applicability. A group of researchers of the University of Adelaide 
(Australia) chaired by prof. Gus Nathan proposed the fully integration of a 
combustion device and a solar receiver, with a direct irradiation to the flame [1]. 
This approach is promising, but it has to be fully tested in order to understand the 
implications of high radiation flux on the flame structure, on the major combustion 
by-products and finally on particles formed. In fact, the radiation can influence the 
flame due to absorption of the solar radiation by species produced in combustion, a 
local increasing of temperature with all the implications on the flame structure and 
combustion-formed products.  
The effect of high flux radiation on a flame has been studied firstly by Medwell et 
al. [5]: they adopted a laser to irradiate a small portion (close to the tip) of a 
laminar coflow diffusion ethylene flame by using a single coherent radiation at 
10.6 μm. Beside of the limitation of the experimental setup, some effects have been 
observed: the solar radiation increased the local soot volume fraction, moving the 
soot formation zone to the outer zone of the flame. Successively Dong et al. [6] 
adopted a different irradiation system and an experimental setup to measure soot 
volume fraction and temperature simultaneously by-using optical technique. A 
complex system of reflectors and concentrators produces a heat flux of 0.27 
MW/m2 from a metal halide lamp which approximates quite well the solar 
spectrum. The radiation was centered on the axis of a diffusion flame; thus the heat 
flux was considered uniform. Planar laser induced incandescence (PLII) and two-
line atomic fluorescence was used to detect soot volume fraction and temperature, 
respectively and not intrusively. The irradiation induced an increase of temperature 
and of soot volume fraction by 50% with a translation towards upstream region and 
an increase of soot burnout.  
The present work aims to use a well-established Multi-Sectional model to simulate 
the effect of radiation flux on the same diffusion ethylene flame investigated by 
Dong et al. [6]. The model will allow to better understand the phenomena that lead 
the changes in the combustion features and thus to better design future experiments 
and devices. 
 
Numerical Method 
A Multi-Sectional method is used for the modelling of aromatic growth and 
particle inception [7-10]. It is based on a previously developed kinetic mechanism 
of particle formation with a single discretization of the particle phase in terms of C 
atoms with a fixed H/C ratio. A successive discretization has been introduced to 
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take into account variable H/C ratios. The upper and the lower limit of this 
discretization are fixed by physical constraints. H/C ratio can reach 0 a bottom 
limit value, e.g. structures containing just C-atoms, on the other hand H/C ratio 
equal to 1 representing the value of benzene. The present model also distinguishes 
between different particle structures based on their state of aggregation, i.e. high 
molecular mass aromatic molecules (Molecules), clusters of molecules (Clusters) 
and agglomerates of particles (Aggregates) [7-10]. This allows to follow not only 
the mass of the formed particles, but also their hydrogen content and internal 
structure. Oxidation-induced fragmentation is also considered. Oxygen is 
considered the only species able to not react on the surface and diffuse towards the 
points of contact of the primary particles causing internal oxidation and subsequent 
particle fragmentation. 
A coflowing diffusion ethylene flame is simulated with and without solar 
irradiation. The burner is well described in many experimental and numerical 
papers: a central fuel pipe with (ID=10.5 mm and OD=12.6 mm) is surrounded by 
an annular co-flow (ID 97.7=mm and OD 101.5 mm). the velocity was kept 
uniform at the exit for both streams. Pure ethylene (0.184 STLPM) was used as 
fuel, while purified air was used in the coflow (127.7 STLPM). The radiation flux 
was simulated by changing the radiation absorption coefficient used for the soot. 
Soot is considered the only absorption/emitting species which is consistent with 
experimental and numerical findings. The soot coefficients were chosen in order to 
match the maximum temperature measured by Dong et al. [6]. 
 
Results and Discussion 
Figure 1 shows the contour plots for the temperature and total particle volume 
fraction. The effect of lamp radiation has a significant effect on both fields as 
indicated also by the experimental data [6]. In particular, the temperature (Fig 1 – 
left panel) increases in the whole field. However, it is worth to remind that soot 
particles are considered the only species able to absorb and remit the radiation, 
beside the natural incandesce of the flame. In fact, the largest increase in 
temperature can be noticed close to the zones where the particle concentration is 
higher.  
Still looking at Fig 1 (right panel), it is possible to see how the soot volume 
fraction increases in terms of peak value but does not change significantly in terms 
of shape. A small shift toward the burner and the inner part of the flame is 
observed.  
The experimental and modelling results of the radially integrated volume fraction 
are reported in Fig.2. This parameter reflects the global evolution of the particles 
along the flame axis. Lamp radiation (0.27MW/m2) increases the formation of the 
particles; however, modelling results also show a slight over prediction for the non-
irradiated condition in the first part of the flame. In all the cases particles are 
completely oxidized at the end of the flame as also suggested by the contour plot. 
Consequently, the burnout rate must be higher in the irradiated case due to the 
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large amount of particles to be oxidized. Usually the increase of volume fraction is 
linked with a decrease of temperature (due to large radiation losses); the locally 
decreased temperature is linked with the smoking behavior of the flame. In the 
irradiated case presented here, the net effect between the lamp radiation and 
increased soot radiation losses is that the temperature is higher and thus the 
oxidation process is fast enough to compensate for the increase of the volume 
fraction. This effect has to be considered in the future design of the experiment: if 
the lamp radiation in some conditions is not able to overcome the increased 
radiation losses the flame could turn into a smoking one with evident consequences 
on the feasibility of the process itself.  

 
Figure 1. Contour plot of temperature (left panel) and total volume fraction of 

particles (right panel) with (left side of each panel) and without (right side of each 
panel) considering radiation of the lamp. 

 
In Fig.3 the contour plot of the modelled OH molar faction is reported. It is 
possible to see how the lamp radiation has a consequence the increase of OH 
radical concentration which is responsible for particle oxidation. The role of O2 has 
been found to be quite important as well but this latter is less affected the lamp 
radiation. The OH on the contrary shows a significant increase, up to 50%, when 
the lamp is on. This increase has to be linked with the increased temperature: hence 
the increased oxidation rate is linked to increased temperature both directly by 
increasing the oxidation kinetic constant and indirectly by increasing the OH 
concentration. The combination of these two effects are promising looking at the 
possibility to use the setup in heavily sooting conditions where the increase of the 
particle volume fraction could otherwise lead to a smoking flame.  

  LAMP OFF LAMP ON
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Figure 2. Radially Integrated Volume Fraction of particles with (black) and 

without (blue) considering radiation of the lamp experimental data [6] are reported 
as continuous line; modelling as dotted lines. 

 

 
Figure 3. Contour plot of OH molar fraction with (left side of panel) and without 

(right side of panel) considering radiation of the lamp. 
 

Conclusions 
A Multi-Sectional Method has been adopted to simulate the effect of a 
concentrated solar radiation on a diffusion laminar flame behaviours. The 
experimental results available in literature are fairly reproduced by numerical 
simulation in terms of increasing temperature and particle volume fraction when 
solar radiation is considered. Also the model is able to reproduce the burn out of 
the particles in both conditions. Modelling analysis allowed to punctually evaluate 
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the impact of solar radiation on the flame and on particle formation. The 
temperature and the volume fraction of the particles mainly responsible for 
absorption/emission phenomenon simultaneously increased due to solar radiation. 
This suggests that the increased emitted radiation from particles due to higher 
volume fraction was mitigated and overwhelmed by the lamp radiation. The net 
effect of increasing the temperature allowed to have an efficient global oxidation 
rate for particles by combining a direct effect on kinetic constant of oxidation rate 
and an indirect effect by increasing OH radical concentration, the oxidizing species 
The model represents a reliable tool for the future design of the experiments and 
for the possible evaluation of the impact of reactor parameters on lamp-soot 
interaction. 
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