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ABSTRACT 

Integrating concentrated solar thermal energy into fossil-fuels for the production of power/clean 

fuels is receiving growing attention as the combination of the two energy sources can provide 

lower emissions of carbon and other pollutants, lower cost, and continuous supply. Various types 

of hybrid concepts have been proposed. However, all of these concepts employ stand-alone solar 

receivers and standalone combustors. The University of Adelaide has developed an alternative 

approach with which to fully integrate a combustor into a solar cavity receiver. This offers the 

potential for significant savings from reduced infrastructure investment and reduced start-up and 

shut-down losses. In addition, this hybrid also results in the direct interaction between concentrated 

solar radiation and a flame, which is theoretically known to be coupled. However, the influence of 

concentrated solar radiation (CSR) on the flame has not been experimentally investigated. Hence 

this thesis aims at filling this gap.  

High flux solar simulators, comprising an array of high-intensity-discharge lamps coupled with 

elliptical reflectors, have been widely employed to study concentrated solar thermal energy 

systems. The use of electrical solar simulators holds the advantage over natural solar radiation in 

providing repeatable performance without the variability of the solar resource. Reliable models 

which predict the heat flux generated by a solar simulator are desirable because they enable 

efficient and systematic optimization of the system to meet the required trade-off between cost and 

performance. To this end, a concentric multilayer model of the light source is developed in this 

study to accurately predict the spatial distribution of the heat flux at the focus using a commercial 

Monte Carlo ray-tracing code. These simulations were validated with measurements of both the 

radiant intensity of the light source and the distribution of the concentrated heat flux. Further to 

that, on the experimentally validated ray tracing model, the geometry and surface reflectance of the 

additional concentrators were also assessed of two high flux solar simulators: one employs a single 

lamp, the other uses a seven-lamp array. In addition, the time-resolved spectra of solar simulators 

employing a metal halide and a xenon arc lamp are also measured, which provides the first 
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experimental results of this kind that acquired from the same spectrometer to allow for direct 

comparison.  

This thesis also reports the first set of measurements of the influence of concentrated solar 

radiation on the soot volume fraction and temperature in a laminar sooty flame. Detailed laser 

diagnostics was performed on a laminar sooty flame with and without the irradiance of CSR, 

because laser diagnostics are demonstrated to hold the advantages of being non-intrusive, lower 

interferences and of being applicable to environments with high flux radiation. The current 

measurement using laser induced incandescence shows that the soot volume within the laminar 

flame was increased by 55% by CSR. In addition, the measurement of temperature using two-line 

atomic fluorescence shows that the flame temperature was increased by around 8% under CSR.  

In addition to the detailed laser diagnostics, an assessment of the influence of soot volume fraction 

on the global performance of the flames was also performed through a systematic study of flames 

using fuels of different soot propensities, which is achieved by blending hydrogen into 

hydrocarbon fuels, with hydrogen volume fraction ranging from 0 to 100%. Results show that 

flames with higher soot volume fraction have higher radiant fraction and lower NOx emissions.  

The principle contribution of the thesis is that the first measurement of the influence of 

concentrated solar radiation on the soot volume fraction and temperature of a flame was performed, 

which pushed forward the existing understanding of the interaction between broadband solar 

radiation and combustion. Its second major contribution is establishing an experimentally validated 

ray-tracing model that accurately predicts the concentrated heat flux from the solar simulator, and 

on this model, new design and optimization of solar simulators were performed. While this ray-

tracing model is developed for metal halide lamps, the methodology is applicable more generally to 

solar simulators employing other types of discharge arc lamps.  
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1.1  Background 

Combustion of fossil fuels provides approximately 80% of world energy consumption and is 

expected to still be a major energy source (around 75 percent) by 2035 [1]. At the same time, 

increasing effort on the mitigation of CO2 emission will drive the development of techniques using 

renewables, which is expected to improve the share of renewable energy to 14.5% of the total 

energy market by 2040 [2]. In the renewable sector, the solar energy has the biggest share of 45%, 

with 24% for solar photovoltaics (PV) and 21% for solar thermal energy, respectively [3]. 

Comparing the two types of solar utilization, photovoltaics and solar thermal energy, the former 

has the advantage of being flexible in scale and initial cost, while the latter has more potential to be 

the dominant source of sustainable energy in the long term, due to its relatively easier storage 

method for large-scale production [4]. However the capital and operating costs for solar thermal 

utilization are still much higher than that of fossil fuels, which is a critical factor that restricts the 

use of solar thermal energy [5]. 

To this end, hybrid systems were proposed. In a hybrid system, the concentrated solar 

thermal energy is integrated into existing facilities using fossil fuels. Such technologies are 

receiving growing attention as the combination of the two energy sources can provide lower 

emissions of carbon and other pollutants, lower cost, and continuous supply [6, 7]. Various types of 

hybrid concepts have been assessed, e.g. preheating the feed water with the low grade solar energy 

[8], regenerating CO2 solvents for the carbon capture and storage process [9], preheating the 

combustion air in a Brayton cycle [10-12], and combining oxy-fuel combustion with solar thermal 

in a power cycle [13]. However, all of these concepts employ stand-alone solar receivers and stand-

alone combustors. The economic benefit of employing shared infrastructure e.g., condenser and 

turbine, was first identified by Kolb [14]. Further to that, Mehos et al. [15] proposed one approach 

with which to better integrate these systems by mounting a combustor to the back of a solar 
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receiver. More recently, Nathan et al. [7, 16, 17] have been developing an alternative approach 

with which to fully integrate a combustor into a solar cavity receiver into a single device. This 

offers the potential for significant savings from reduced infrastructure investment [7] and reduced 

start-up and shut-down losses [7]. In addition, this hybrid also results in the direct interaction 

between concentrated solar radiation and a flame, which is theoretically known to be coupled, 

although relative strength of these interactions depend on the spectral characteristics of the fuel and 

oxidant [18].  

While the experimental investigation of solar-combustion hybridizing dates back to at least 

the 18th century, when Antoine Lavoisier studied combustion and ignition processes under 

concentrated solar irradiation obtained in his solar furnace consisting of two concentric lenses [19], 

no detailed diagnostics have been performed of the influence of concentrated solar radiation on 

combustion prior to Medwell et al.’s [20] work. They demonstrated that CO2 laser radiation at 10.6 

μm with a fluence of 4 MW/m
2 

can approximately double the peak concentration of soot in an 

ethylene flame, and translate the soot layer towards the oxidizing side of the flame [20]. However, 

the previous investigation was undertaken with a single excitation wavelength on a small area of 

the flame (5mm in diameter), while the CSR is broadband and can irradiate the whole flame in 

practical solar receiver/combustors. Therefore, the influence of broadband radiation of relevance to 

CSR on the soot volume fraction of the whole flame is yet to be studied. 

For the experimental work to be undertaken, high flux solar simulators, comprising an 

array of high-intensity-discharge lamps coupled with elliptical reflectors, have been widely 

employed to study concentrated solar thermal energy systems. The design of these simulators has 

continued to evolve with the ongoing assessments of the trade-offs between spectrum, safety, cost 

and concentration ratio. Reliable models of the heat flux from a solar simulator are desirable 

because they enable efficient and systematic optimization of the system to meet the required trade-

off between cost and performance, especially for solar simulators consisting of multiple lamps. 
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This, in turn, requires not only a model that accurately simulates the light source, but also sufficient 

experimental validation of the heat flux calculated with the ray tracing model. Furthermore, 

electrical solar simulators suffer from the disadvantages that their spectra differ somewhat from 

that of the real solar resource. Nevertheless, while this trend is known, no detailed assessment of 

their spectral differences has been reported previously. 

The principle objective of this thesis is therefore to improve the understanding of the 

influence of the concentrated Solar Radiation (CSR) on combustion. These understandings are 

necessary for collecting the thermal energy from the solar and combustion sources in a single 

device, in contrast to established approaches that collect them from separate components. Another 

objective of this thesis is to develop a ray tracing model that accurately predicts the concentrated 

heat flux generated by the solar simulator, thus allowing the design and optimization of the solar 

simulators to be achieved in an efficient and cost-effective way. 
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1.2  Scope and structure of thesis 

Chapter 2 provides a brief and critical review of the design of a high flux solar simulator and the 

influence of high flux solar radiation on combustion. The emphasis of this chapter is on the 

performance of solar simulators both on heat flux distribution and on the spectral property, 

together with the influence of high flux radiation of different wavebands on the species in a flame. 

Additionally, the global performances of turbulent diffusion flames of different soot propensity 

using hydrogen-hydrocarbon blended fuels are also reviewed. 

Chapter 3 forms the framework for both the experimental setup and modelling work of this thesis. 

This paper presents a concentric multilayer model of the light source of the solar simulator that is 

developed to accurately predict the spatial distribution of the heat flux at the focus using a 

commercial Monte Carlo ray-tracing. These simulations were validated with measurements of both 

the radiant intensity of the light source and the distribution of the concentrated heat flux. 

Chapter 4 reports the time-resolved spectra of the irradiation emitted from the high flux solar 

simulators employing the two types of high-intensity discharge arc lamps that are commonly used 

in solar simulators, i.e. metal halide and xenon arc lamps. In addition, the time-averaged spectra of 

these two types of lamps are also compared with that of the sun, which provides the first 

experimental results of this kind that acquired from the same spectrometer to allow for direct 

comparison.  

Chapter 5 reports the first set of measurements of the influence of concentrated solar radiation on 

the soot volume fraction and temperature in a laminar sooty flame. Laser diagnostics are 

demonstrated to hold the advantages of being non-intrusive, lower interferences and of being 

applicable to environments with high flux radiation. The current measurement of soot volume 

fraction using laser induced incandescence shows that the soot volume within the laminar flame 

was increased by 55% by CSR. In addition, the measurement of temperature using two-line atomic 

fluorescence shows that the flame temperature was increased by around 50K under CSR. 
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Chapter 6 reports the global characteristics of flames of different soot propensities. This is 

achieved by blending hydrogen into hydrocarbon fuels to assess the influence, with hydrogen 

volume fraction ranging from 0 to 100%. Measurements were performed of flame dimensions, 

radiant fraction, and emission indices of NOx and CO.  

Chapter 7 is the follow-up work described in Chapter 3, this work adds secondary and tertiary 

conical concentrators to the solar simulator system to increase the concentration ratio. The 

geometry and surface reflectance of the additional concentrators was assessed of two high flux 

solar simulators: one employs a single lamp, the other uses a seven-lamp array.  

Chapter 8 presents conclusions from the body of the work along with recommendations for future 

work in this area of research. 

The Appendices provide peer-reviewed conference papers that are relevant to this study. Appendix 

A is a precursor of the journal publications on the design of high flux solar simulators. Appendix B 

is a short version of the work reported in the paper of the influence of concentrated solar radiation 

on a sooty flame. Appendix C is a pilot version of the journal paper about the global characteristics 

of flames using hydrogen-hydrocarbon blended fuels.  
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2.1 Influence of high flux radiation on combustion 

Hybrids of concentrated solar thermal energy and fossil-fueled technologies are receiving growing 

attention because the combination of the two energy sources can provide lower emissions of 

carbon and other pollutants than pure fossil fuels, lower cost than pure solar thermal energy, and 

continuous supply [1, 2]. Various types of hybrid concepts have been proposed, e.g. preheating the 

feed water with the low grade solar energy [3], regenerating CO2 solvents for the carbon capture 

and storage process [4], preheating the combustion air in a Brayton cycle [5-7], combining oxy-

fuel combustion with solar thermal in a power cycle [8]. Since all of these concepts employ stand-

alone solar receivers and combustors, there is great potential to reduce capital cost if shared 

infrastructure is employed for both energy sources, as was identified by Kolb [9]. Further to that, 

Mehos et al.[10] proposed one approach with which to better integrate these systems by mounting 

a combustor to the back of a solar receiver. More recently, Nathan et al. [2, 11, 12] has been 

developing an alternative approach with which to fully combine a combustor and a solar cavity 

receiver into a single device. This offers the potential for significant savings from reduced 

infrastructure investment and reduced start-up and shut-down losses [2]. A feature of this hybrid is 

that it results in the direct interaction between concentrated solar radiation and a flame, which are 

already known to be coupled, and that the relative strength of this interaction depends on the 

spectral characteristics of the species in the flame [13], details of which will be reviewed in Section 

2.3.5. 

The influence of concentrated solar radiation (CSR) on a flame was first experimentally 

investigated by Medwell et al.[14]. This work demonstrated that CO2 laser radiation at 10.6 μm 

with a fluence of 4 MW/m
2
 can approximately double the peak concentration of soot in an ethylene 

flame, and translate the soot layer towards the oxidizing side of the flame [14]. However, the 

previous investigation was undertaken with a single excitation wavelength on a small area of the 
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flame (5mm in diameter) [14], while the CSR is broadband and is of much larger radiant area. 

Therefore, the influence of broadband radiation of relevance to CSR on the whole flame is yet to 

be studied. 

In order to experimentally assess the influence of CSR on combustion, the flame needs to be 

irradiated with high-flux broadband radiation typical of that from a concentrated solar receiver. 

This can be achieved by employing either concentrated solar radiation or simulated solar radiation 

provided by high-powered electrical lamps – a so-called solar simulator. Despite its abundance on 

earth, it is very challenging to use natural sunlight for research, owing to the high capital cost in 

establishing the heliostat field and the unrepeatable experimental conditions due to the variation of 

weather. In contrast, electrical solar simulators can provide high-flux, broad-band radiation in the 

visible spectrum in a well-controlled manner. However, they suffer from the disadvantages that 

their spectrum differs somewhat from that of the real solar resource, details of which will be 

reviewed in the following section. 
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2.2  High-flux solar simulators 

2.2.1 Comparison of two types of lamps commonly used in solar simulators 

Various high powered solar simulators employing electrically powered lamps, close-coupled with 

elliptical reflectors, have been reported in the literature with all aiming to simulate the intensity and 

spectrum of the radiation from solar concentrators (e.g. from a heliostat field or parabolic dish). 

Among all the high-flux solar simulators that have been reported in the public domain, two types of 

lamp have been predominantly used, which are the metal halide [15, 16] and xenon arc lamps [17-

23]. The key characteristics that distinguish these two types of lamps are their different propensity 

to explode, which impacts both on safety and on the risk of a cascading failure; and the length of 

the electrical arc, which impacts on the final concentration ratio, and their radiant spectrum. The 

xenon arc bulbs are highly pressurized, making them vulnerable to explosion [24]. In contrast, the 

metal halide lamp is less vulnerable to explosion because of their secondary containment bulb that 

prevents hot pieces of debris from propagating into the working environment or impacting on other 

lamps, even though they are also pressurized. For metal halide lamps, this virtually eliminates the 

explosion risks to which xenon arc lamps are vulnerable [25]. On the other hand, the xenon arc 

lamp has a shorter electrical arc than does the metal halide lamp. This is desirable because the 

original dimension of the arc is magnified by the ellipsoidal reflector, so that the xenon arc lamp 

can generate a higher heat flux with a steeper Gaussian distribution than is possible with the long-

arc metal halide lamp  [26]. Nevertheless, while both types of lamp offer different advantages and 

disadvantages, gaps remain in the understanding of their relative merits, which justifies further 

investigation. 
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2.2.2  Spectra of solar simulators 

2.2.2.1 Time-averaged spectra of solar simulators 

As is discussed in Section 2.1, the major drawback of employing electrical solar simulators is that 

they offer a different spectrum than that of the real solar resource. The time-averaged spectra of 

xenon arc and metal halide lamps have been compared by Krueger [20] based on measurements 

reported by the manufacturers [24, 25]. Krueger identified that the differences between the spectra 

from the lamp and that of the sun at the site of Air Mass 1.5 [27] are less for the metal halide lamp 

than for the xenon arc lamp [20]. However, these measurements of the spectra are from the lamps 

alone, without accounting for the influence of the reflective surfaces used to concentrate the 

radiation. In addition, no direct comparison of the spectra of these lamps either with each other or 

with a real solar spectrum measured using the same instruments has been reported. Such a direct 

comparison is important because every spectrometer has its specific quantum efficiency at each 

wavelength. This makes it difficult to reliably compare spectra measured with different 

spectrometers, even with the response corrected, because the correction method may vary [28]. 

2.2.2.2 Time-resolved spectra of solar simulators 

In addition to the direct comparison of the time-averaged spectra from solar simulators, details of 

the temporal variations in spectra are not yet available, even though the output from these lamps is 

known to fluctuate at a frequency related to that of the AC power supply [25, 29]. These 

fluctuations may be less important in receivers involving indirect heat transfer, e.g. through tubes, 

or where the residence time of the reactants is long compared with these oscillations, such as for 

the redox reactors with residence time of 8 s [30] or 34 s [31]. In contrast, the time-dependence of 

the spectra can have strong impacts on gas phase reactions among species that are spectrally 

absorbing in the visible spectra, particularly where the flows are turbulent so that the mixing time 

scales are of the order of milliseconds, and/or in reactors with short residence time. One such 
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example is in solar driven steam-gasification reactors, which involve the spectrally active gas 

phase species of CO, CO2 and H2O [32] and residence time of the order of 1 second [33]. Another 

example is the recently developed concept of a hybrid solar receiver and combustor, in which a 

turbulent flame, with residence time of the order of milliseconds, is directly irradiated by 

concentrated solar radiation [2]. Despite the significance of the time-resolved spectrum in such 

applications, the time-dependent spectral variations in metal halide and xenon arc lamps have not 

been reported before. 

2.2.2.3 Influence of reflecting surface on the spectra of concentrated radiation 

As is mentioned in Section 2.2.2.1, the lack of specific data has led to previous studies assuming 

that the spectrum from the concentrator is unchanged from that of the lamp as reported by the 

manufacturer [20]. However, any reflecting surface has its own specific spectral reflectivity [34, 

35]. Furthermore, the reflectors for solar simulators are typically manufactured from highly 

polished aluminum, the reflective properties of which can be expected to influence the spectrum 

more significantly than would occur with the use of a perfect mirror. For these reasons it is 

important to quantify its influence on the spectrum of the concentrated light, even if it is small. 

However, the influence of the reflecting surface on the spectra of the concentrated radiation is yet 

to be reported. 

2.2.3 Modelling and measurement of the flux distribution at the focal area 

In addition to the spectra, the heat flux of concentrated radiation from solar simulators is also of 

great interest, because the efficiency of most practical solar receiver systems is directly related to 

the intensity of radiation. It is therefore important to quantify the heat flux at the focal area, not 

only for an existing system, but also to predict that from a new design using computational models, 

thus allowing the design to be undertaken with relatively high accuracy without first establishing a 

physical system and performing further experimental measurements of the heat flux distribution at 
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the target. 

The modelling and measurement of the output from a variety of high powered solar simulator 

systems, comprising high-intensity-discharge lamps coupled with elliptical reflectors have been 

reported previously. While the measurement of heat flux distribution at the focal plane has been 

reported in most of the designs [16-23], only a few of them have reported the model of the arc used 

for the ray-tracing simulation [17, 18, 20, 21, 36], and even less have compared the predicted and 

measured heat flux distribution [18, 21]. Furthermore, the measurement of the arc profile, as well 

as the sensitivity analysis of the model of the arc on the prediction of heat flux distribution at target 

are not yet available in the literature. Therefore, there is a need both for the measurements of the 

properties of the light source and for various approaches with which to model the light source. 

2.2.3.1 Significance of the structure of the arc profile 

A prerequisite of an accurate prediction of the concentrated heat flux is a model of the light source 

that precisely represents the structure and intensity of the discharge arc, because the final 

prediction of heat flux distribution at the target is strongly sensitive to the original assumptions of 

the energy distribution of this light source. This justifies a detailed study of the structure of the 

light source. The time-averaged radiant distribution of the arc is not spatially uniform in energy 

density [37-40]. In contrast, previously reported analyses have assumed an uniformly distributed 

light source with radiation issuing from the surface of a sphere [17, 21], a cone [18] or within the 

volume of a cylinder with specified angular distribution [20, 36]. There is therefore a need to 

develop a model that accurately represents the structure, particularly the non-uniform energy 

distribution of the light source. 

2.2.3.2 Significance of the shape and dimension of the arc profile 

The details of shape and dimensions of the arc are also important, because any error on the 

assumptions of the shape and dimensions of the arc will be amplified by the reflector, resulting in 
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bigger error on the prediction of the heat flux distribution at the focal plane [41]. Although the 

mathematical relations between an extended source and its image from an elliptical reflector on the 

secondary focal plane has been derived by Rehn [41], the error of this analytical solution is yet to 

be quantified by comparison with experimental data. Petrasch et al. [17] have also numerically 

analyzed the effect of arc dimension on the transfer efficiency of the elliptical reflector, while 

Kruger [20] has assessed the influence of arc geometry and dimension on the transfer efficiency 

and flux non-uniformity. Despite their value, these assessments also have their limitations, because 

a better performance in transfer efficiency does not necessarily coincide with a better performance 

in non-uniformity. Hence there is a need to directly compare the assumed and measured intensity 

distribution of the arc, together with the equivalent values of heat flux distribution at the focal 

plane to provide a more robust and detailed assessment of the model’s performance. However, the 

sensitivity analysis of the assumed size, shape and energy distribution of the arc on the distribution 

of the concentrated heat flux has not been reported before. 

2.2.3.3 Measurements of the light source 

Different types or designs of arc lamps typically generate different profiles of the arc source [37-

40]. Although the lamp manufacturers generally report the half width for the profile of radiant 

intensity of the arc averaged from various lamps [40], it is impossible to determine the full shape of 

the profile from this data alone. Therefore, an accurate measurement of the profile of the light 

source provides critical information to the input of the model. However, these measurements and 

the modelling approach have not yet been available. 

2.2.3.4 Measurement of the heat flux distribution at the focal area 

An accurate measurement of the heat flux profile at the focal plane (i.e. the position of the target) is 

also desired for reliable validation of the final output from the models, e.g. the Monte-Carlo ray-

tracing model. Although the measurement of heat flux at the focal plane has been reported in the 



CHAPTER 2 – LITERATURE REVIEW 

     

 

16 
 

literature [17, 18, 20], no heat flux measurements have been reported together with the 

measurement of the arc profile for both the model input and output.  

2.2.4 Secondary and tertiary concentrators of the solar simulator 

The combination of a discharge arc lamp, coupled with elliptical reflector, and also aligned with a 

secondary and tertiary conical concentrators has been reported previously [16]. These studies 

demonstrate that the use of secondary concentrator can significantly increase the heat flux in the 

area of interest. The benefit of a secondary concentrator is more significant for the long-arc metal 

halide lamps than for the short-arc xenon-arc lamps that have been used most commonly in 

previous solar simulators [17-23]. Although it is inevitable that there will be some energy loss from 

the secondary concentrator itself, this loss is compensated by a more concentrated flux in the target 

area. Nevertheless, this requires the geometry of the concentrator be properly designed. This is 

because if the opening angle of the concentrator is too large, it tends to reflect more radiation to the 

lamp side rather than concentrate it, while if it is too small it is not possible to capture all of the 

radiation, especially with a multiple lamp system. In addition, if the secondary concentrator is 

further aligned with a back reflector, it would be advantageous compared with enclosed reactors in 

providing an open system, which is particularly useful for diagnostics using optical methods. 

However, the optimization of the secondary/tertiary concentrator for either a single lamp system or 

a multi-lamp solar simulator has not been reported in the literature.  

In addition, although the measurement of heat flux at the focal plane has been reported in the 

literature [17, 18, 20] for the case without the secondary concentrator [42], that with the secondary 

concentrator present is not yet available. This experimental validation is also desirable, because the 

addition of the secondary concentrator can significantly change the path ways of the radiation, 

depending on the geometry and reflectance of the secondary concentrator. 

Additionally, the sensitivity of concentrated heat flux to the surface reflectance of 
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secondary/tertiary concentrators provides important information for the choice of materials. It is 

expected that surfaces with lower reflectance will lower the cost at the expense of a lower 

concentration ratio. However, because of the multiple reflections involved in the concentration, it 

is difficult to quantify this without detailed calculations and/or experimental measurement. Though 

the influence of surface roughness of the elliptical reflector on the concentrated heat flux has been 

assessed by Alxneit and Dibowski using ray tracing code [18], no such assessment of the surface 

reflectance has been reported before.  

Furthermore, though the influence of misalignment between the arc and the elliptical reflector on 

the heat flux distribution at the target is critical information to guide the procedure of the 

alignment, for both the single-lamp and multiple lamp systems, it has not been reported before. A 

comparison of the effect of misalignment with the conical secondary concentrator on and off is also 

useful, because it is expected that the conical concentrator can potentially reduce the sensitivity of 

the concentrated heat flux to the misalignment between the arc and the primary elliptical reflector.  
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2.3  Combustion-CSR interaction 

2.3.1  Role of soot in combustion-CSR interaction 

Soot is one of the key components in many combustion systems. This is because, within a flame, 

an increased presence of soot acts to increase the flame emissivity and hence the radiation — the 

dominant heat transfer mode in kilns, boilers and furnaces [43, 44]. Therefore, in these 

applications, an increase of soot concentration within the flame is highly desirable. However, as is 

discussed in Section 2.1, further study following Medwell et al.‘s [14] work is required to 

determine the influence of broadband radiation of relevance to CSR on the soot volume fraction of 

the whole flame. 

In most applications,  the presence of soot outside a flame is undesirable because it is a source of 

fine particle emissions [45], although it can also be used as a source of “carbon black” for 

manufacturing [46]. Therefore, the consumption of soot in the oxidation zone of the flame is also 

of great interest. However, this information is not yet available in the literature. It is also hard to be 

deduced from the previous work reported by Medwell et al.[14]. This is because the previous 

assessment was done on flames stabilized on a Mckenna type burner, for which only locations with 

lower height above burner (HAB) were studied [14], while the consumption of soot mainly takes 

place at flame locations with higher HABs. 

2.3.2 Measurement of soot volume fraction using laser induced incandescence (LII) 

technique 

While combustion processes involving soot have been employed for many years, the formation and 

destruction of soot are still difficult to model in practical combustion environments [46]. This is 

because the radiation from soot and chemical reactions within the flame are coupled non-linearly 

[47]. Therefore in-situ measurement has been considered the most reliable way to quantify soot 
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concentration. Among many parameters involving soot, the measurement of soot volume fraction 

(SVF) within a flame can provide particularly valuable insights to the evolution of soot growth and 

radiant transport [48, 49]. Laser-induced incandescence (LII) has proven to be a powerful tool for 

particle-concentration [50], owing to its ability of performing in-situ, non-intrusive and highly 

accurate measurements [51]. However, the concentrated solar radiation brings additional 

challenges to the optical methods. This is because strong background scattering originates from 

particles under the irradiation of the high-flux solar energy and this causes strong interference to 

the signals collected in the LII measurement. Although the previous measurement has 

demonstrated that LII can stand the environment of high flux laser radiation [14], the viability of 

LII in sooting flames under strong broadband irradiation is yet to be demonstrated. 

2.3.3 Role of temperature in combustion-CSR interaction 

Combustion involves the non-linearly coupled processes of heat transfer, turbulence and chemistry, 

which are all dependent on flame temperature. The strength of this coupling can be expected to 

increase with the introduction of CSR, because external broadband radiation can influence the 

chemical species in a flame through direct and indirect molecular excitation, as well as blackbody 

radiation from soot [14]. It is therefore important to measure temperature distribution in this 

challenging high temperature receiver-combustor environment. This, in turn, demands advanced 

technique for temperature measurements. 

2.3.4 Measurement of temperature using non-linear two-line atomic fluorescence 

(TLAF) 

As was discussed in Section 2.3.2, the strong background scattering from particles under the 

irradiation of the high-flux solar energy also prevents many of the optical methods for temperature 

measurement to be applied reliably. For example, Rayleigh scattering/filtered Rayleigh scattering 

thermometry suffers from low signal-to-noise ratio (SNR) in sooting flames. Coherent anti-Stokes 
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Raman spectroscopy (CARS) has been demonstrated to measure the gas temperature of a reacting 

flow in a solar receiver/reactor, but it has been limited to point measurements [52]. Laser-induced 

fluorescence (LIF) based thermometry, on the other hand, possesses potential advantages compared 

to these aforementioned laser diagnostic tools in strong scattering background environments, 

owing to its signal is collected at a wavelength that is shifted away from its excitation wavelength. 

Particularly, two-line atomic fluorescence (TLAF) uses indium as tracer species provides an 

attractive option for the measurement of temperature under high-flux external radiation. This is 

because, in comparison to probing LIF signal from naturally existing species such as OH and NO, 

LIF signal from seeded atomic species is much stronger and exists in broader regions in the flames 

[47]. However, TLAF in sooting flames under strong irradiation is yet to be demonstrated. 

2.3.5 Possible pathways through which CSR can interact with a flame 

Generally, benzene, small aromatic hydrocarbons and PAH are UV absorbers and IR emitters [53, 

54]. To be more specific, the carbonaceous materials of 2-3 nm in size absorb UV radiation of 

under 300 nm in wavelength and emit broadband radiation peaked at 330 nm [55-57], while the 

carbonaceous particles of 5-10 nm in size absorb radiation of 250-400 nm [56], those particles 

sized 10-30 nm also absorb UV radiation of 250-400 nm, but at a higher absorption rate, and 

carbon particles of about 100 nm in size become broadband absorbers in the UV-visible range [56, 

57]; This is because the energy gap between the π— π* bands decreases as the coordination length 

of the bonds increases and, consequently, the absorption spectra of poly-condensed aromatic 

functionalities shift toward the visible as the number of aromatic rings increases.  

In addition to the absorption of carbonaceous particles, gas phase species such as C2H2 and H2O 

absorb infrared radiation, while benzene and PAH are UV absorbers [58-60]. The molecular 

absorption is important, because where an energy transition of the fuel molecule can be excited, it 

typically leads to increased pyrolysis of the fuel, as has been demonstrated for ethylene heated by a 

CO2 laser in pyrolysis reactors [61]; Any absorption that promotes fuel decomposition or the 
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formation of small aromatics is important because this is a rate-limiting step, even though it 

constitutes only a small part in the overall soot formation process [62-64]. 

The mechanism of black body absorption is well known to occur for small particles such as soot 

and pulverized coal [14]. It is also well known that this mechanism, where present, tends to 

dominate over molecular excitation because it is a broad-band absorber [14]. This can be evidenced 

by the laser extinction measurement in laminar diffusion flames reported by Ma and Long [65], 

which shows that the diffusion flame of 80% ethylene and 20% nitrogen absorbs laser radiation 

ranging from 450-700 nm, with an average absorption of 11.8% at HAB = 30mm, and 15.4% at 

HAB = 50mm. Furthermore, The extinction measurements using broadband radiation of 450-1100 

nm through a laminar non-premixed ethylene flame reported by Migliorini et al .[66] show that, the 

line of sight absorption through the laminar ethylene diffusion flame at HAB/Lf= 0.14, 0.59, 0.70, 

and 0.77 is 0.029, 0.124, 0.073, 0.053 respectively. Despite the evidence of the interactions 

between the narrowband/broadband electromagnetic radiation and combustion, the potential 

mechanisms of the interactions between the concentrated solar radiation and combustion are yet to 

be explored. 

2.3.6 Influence of the intensity of CSR on a flame  

In addition to the quality, i.e. the spectral effect, of the irradiation, the quantity of the energy that is 

coupled into the flame may also play an important role on the magnitude of influence of CSR on a 

flame. To assess this influence, the previous relevant studies were compared [14, 67], as is shown 

in Table 1. If the ratio of the external energy to the combustion energy is defined as Eq. 1: 

fe = 
ECSR

Eflame
    ,                      (1) 

Then fe  for the work of Konsur et al [67] is up to 0.44%,  that for the study of Medwell et al. is 

13.3%. It can be seen that there are big differences in fe between the two studies, and care should 
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be taken while trying to directly compare them. Because for the experiments of Konsur et al. [67], 

the external energy is the energy  actually absorbed by the fuel. However, for the measurements of 

Medwell et al. [14], it is not yet clear what is the fraction of the external energy that is finally 

absorbed by the flame, though the fe is higher. Nevertheless, the comparison of fe itself still shows 

that, the peak soot volume fraction (fv)  in the flame is likely to increase with the increase of the 

fraction of external energy coupled into the flame. 

Table 1. Comparison of the previously reported work. 

Source  Coupling method Qflame 

(W) 

Qexternal 𝑓𝑒  

(
Qexternal

Qflame
) 

Increase of peak 

fv 

Konsur et al. 

[67] 

Fuel preheating to 

ΔT=97 and 137 

 

106.6 

 

0.32864 W 

(ΔT=97 K) 

0.46416 W 

(ΔT=137 K) 

 

0.31% 

0.44% 

5% 

Medwell et al. 

[14] 

10.6 μm laser 

radiation 

 

517.8 69 W 13.3% 250% 
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2.4  Global performance of flames of different soot propensity 

2.4.1 Soot volume fraction on the global performance of hydrogen-hydrocarbon 

blended flames 

As has been demonstrated by Medwell et al.[14] and also reviewed in the previous section, a 

potential significant influence of the concentrated solar radiation on flames is that it may increase 

the soot volume fraction in a flame. Hence a further review of the influence of soot volume fraction 

on the global performance of the flame is important to further assess its influence on practical 

combustion processes. A reliable assessment of the influence of soot volume fraction on the global 

performance of the flames can be realized through a systematic study of flames using fuels of 

different soot propensities. This justifies the use of hydrocarbon fuels blended with hydrogen, 

through which the soot propensity of the fuel can range from that of pure hydrocarbon fuels to pure 

hydrogen. This will allow a trend to be derived of the global performance as a function of soot 

propensity of the fuel. This indirect way of assessment was preferred because the direct 

measurement of the changes of radiation from the flame under concentrated solar radiation is 

difficult due to the strong scattering of solar radiation by soot particles. The global performances of 

turbulent flames were targeted for the current study, because such global performances as the 

radiant fraction, flame size and pollutant emissions of turbulent flames are of great relevance to the 

practical combustion systems. 

2.4.2 Effects of lift-off, strain rate and the hydrogen ratio on hydrogen-

hydrocarbon blended flames 

Although the global performance of hydrogen-hydrocarbon blended fuels has been measured 

previously, significant gaps remain. Choudhuriet al. [68] measured a series of turbulent diffusion 

flames with a Reynolds number of 8,700, while Wu et al. [69] reported measurements of the lift-

off and blow-off stability limits of pure hydrogen and hydrogen/hydrocarbon blended jet flames. 

However, not all of these flames were attached to the burner. Where lift-off occurs it is impossible 
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to isolate the chemical effects due to the addition of H2 from those of the different physical 

entrainment mechanisms for lifted and attached flames. Therefore, there remains a need to 

investigate the effect of varying the hydrogen volume fraction for flames that are all attached. The 

previous measurements of Turns and Myhr [70], were performed with hydrocarbon fuels 

surrounded by a hydrogen pilot, which is not the same as blended fuel, while the measurements of 

El-Gafouret al. [71] were limited to natural gas as the hydrocarbon component and to a maximum 

hydrogen volume fraction of 50%. Furthermore, no previous hydrogen-hydrocarbon flames have 

been investigated under constant exit strain rate, u/d, which strongly influences the axial and  radial  

soot  volume  fraction  profiles [72, 73].  

2.4.3 Significance of boundary conditions 

It is also important to note that none of the previous global flame measurements have been 

performed under boundary conditions that are sufficiently well defined to enable them to be 

modelled unambiguously. The development and validation of a computational fluid dynamics 

(CFD) model requires that the inflow boundary conditions, such as the mean and RMS velocity 

profiles, be reported. The process of model development and validation also requires sufficient 

detailed in-flame measurements to be reported for the same flames, to enable the sources of 

radiation, notably from the presence of soot, to be linked unambiguously to the global emissions of 

pollutant gases and radiation. Importantly, none of the previous global measurements of flames 

associated with hydrogen blends have either reported the inflow boundary conditions or are linked 

to other detailed in-flame measurements of parameters such as temperature and soot volume 

fraction. The recent advances in experimental techniques suitable for application in turbulent 

flames [47] means that it is now possible to achieve this. For example, a series of detailed 

measurements of soot volume fraction and temperature have recently been undertaken for four 

flames of a particular blend of  40% C2H4 + 41% H2 + 19% N2, carefully chosen to achieve 

attached, turbulent flames without a pilot. The first of these measurements are reported by 

Mahmoud et al. [74], who report joint statistics of soot volume fraction and flame temperature 

from simultaneous measurements of these parameters. However, the global measurements of flame 
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radiation and emissions to for these flames are yet to be reported.  

2.5  Objective of the thesis 

The primary objective of the thesis is to investigate the influence of concentrated solar radiation on 

sooty flames. 

The detailed objectives of the thesis are: 

1. To design and establish a high flux solar simulator using a discharge arc lamp, closely coupled 

with an elliptical reflector. To perform measurement of both the radiant distribution of the light 

source and the heat flux distribution on the focal plane to validate the input and output of the ray-

tracing model, thus allowing a new design to be undertaken without first establishing an 

experimental platform.  

2. To characterize the spectral property of the solar simulator, which involves the measurement of 

both the time-averaged and time-resolved spectral irradiance of solar simulators made of metal 

halide and xenon arc lamps, as measured before and after concentration from the optical reflectors 

of a high flux solar simulator. 

3. To quantify the influences of the CSR on combustion by irradiating the whole flame with high flux 

broadband radiation, and performing in-situ soot volume fraction measurement using LII and 

temperature measurement using TLAF technique. 

4. To assess the effect of soot volume fraction on the global performance of turbulent flames through 

flames of hydrogen-hydrocarbon blended fuels. This will be achieved by evaluating the influence 

of hydrogen blend ratio on such global performances as radiant fraction, flame size and pollutant 

emissions of non-premixed turbulent flames using hydrocarbon fuels. 

5. To design and optimize the geometry of secondary/tertiary concentrators for the solar simulators to 

achieve higher flux and larger radiant area, using a ray-tracing model that is experimentally 

validated. 
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Abstract: This paper reports the first set of measurements of the influence of simulated concentrated 

solar radiation (CSR) on the soot volume fraction and temperature in a laminar diffusion ethylene 

flame. Broad-band radiation that closely approximates the solar spectrum was produced with a metal-

halide lamp configured in a series of three optical concentrators to achieve fluxes of up to 0.45 

MW/m
2
 in a focused area of 80 mm diameter. The radiation was used to irradiate an entire Santoro-

type laminar flame of 64 mm in length, where the soot volume fraction and flame temperature were 

measured using planar laser-induced incandescence (PLII) and two-line atomic fluorescence (TLAF), 

respectively. The results show that the simulated concentrated solar radiation significantly influences 

the evolution of soot on the fuel-rich side of the flame. It causes the total volume of soot within the 

flame to increase by up to 55%, the soot inception to be translated upstream by 7% of the flame 

length, and the consumption rate of soot in the radial direction to increase by an average value of 54% 

for heights greater than 10 mm above the burner. The spatially-average flame temperature in the 

radial direction was also found to increase by about 8% in most of the downstream locations.  

Keywords: combustion-radiation interactions, concentrated solar radiation, soot volume fraction, 

temperature 
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1. Introduction  

Hybrids of concentrated solar thermal energy and fossil-fuelled technologies are receiving growing 

attention because the combination of the two energy sources offers lower emissions of carbon and 

other pollutants than pure fossil fuels, lower cost than pure solar thermal energy, and continuous 

supply [1, 2]. Various types of hybrid concepts have been proposed, e.g. preheating the feed water 

with the low grade solar energy [3], regenerating CO2 solvents for the carbon capture and storage 

process [4], preheating the combustion air in a Brayton cycle [5-7], combining oxy-fuel 

combustion with solar thermal in a power cycle [8]. However, all of these concepts employ stand-

alone solar receivers and combustors. There is potential to further reduce capital cost by sharing 

the infrastructure employed to harvest both energy sources [2]. Mehos et al. [9] proposed one 

approach with which to reduce heat losses from a solar receiver and a combustor in a hybrid 

system by mounting a combustor directly onto the back of a solar receiver. More recently, Nathan 

et al. [2, 10, 11] have been developing an alternative approach with which to fully combine a 

combustor and a solar cavity receiver into a single device. This offers the potential for significant 

savings from reduced infrastructure investment and reduced start-up and shut-down losses [2]. 

Importantly, this direct integration of the two energy sources also results in conditions in which the 

flame is directly irradiated by high flux solar radiation. However, the influence on a flame of high-

flux radiation, whose spectrum approximates the solar spectrum, is poorly understood and has not 

been reported previously. 

Medwell et al. [12] identified that a flame can absorb radiation through the unburned fuel, 

the combustion products (such as CO2 and H2O) and intermediates (such as radicals, molecules and 

soot). Among these species, soot is the most efficient radiation receptor due to its strong absorption 

coefficient in a broadband spectral region from visible to near-infrared. Nevertheless, the relative 

significance of these different species and their role in a sooting flame has yet to be reported. 

Indeed, to our knowledge, the relevant investigation is that of  Medwell et al. [12], who 

demonstrated that CO2 laser radiation at 10.6 μm with a fluence of 4 MW/m
2 

can approximately 

double the peak concentration of soot in a laminar ethylene/air diffusion flame, and translate the 
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soot layer towards the oxidising side of the flame. However, the work was undertaken with a 

coherent light of single excitation wavelength and irradiating on a small area of the flame (~ 5 mm 

in diameter) [12], while the CSR is broadband and would irradiate a large area of flames in a 

practical hybrid device. Therefore, new measurements are needed to assess the influence of 

radiation on a sooty flame using  high-flux broadband solar irradiation of the whole flame. 

The influence of CSR on soot oxidation, despite its importance in affecting the emission of 

soot as pollutant, has not yet been reported to our knowledge. For example, the most relevant 

previous investigation by Medwell et al. [12] was performed by irradiating and measuring the 

upstream region of flame, while the consumption of soot occurs mostly in the vicinity of the flame 

tip. Therefore, the present work also aims to assess the influence of high-flux radiation on soot 

oxidation through the measurements of both soot volume fraction and temperature throughout a 

flame that is entirely irradiated by high-flux broadband radiation.  

Additionally, no previous measurements of both flame temperature and soot volume 

fraction have been reported for an irradiated flame. Measurement of both of these parameters is 

important because the mechanisms of soot formation and oxidation depend exponentially on flame 

temperature [13, 14]. However, such measurements are also difficult because the introduction of 

high-flux, broadband radiation introduces challenges both to intrusive and to optical 

measurements. The use of a thermocouple is problematic because the thermocouple will be heated 

by irradiation to a temperature different from that of the surrounding gases. Strong broadband 

irradiation will also generate strong interferences to relevant optical methods [15]. However, this 

challenge has recently been overcome by Gu et al [16], who developed improved capability for the 

two-line atomic fluorescence (TLAF) method that had previously been developed only for non-

irradiated flames [17]. Therefore, this new method was adopted in the present work to measure 

flame temperatures. 

For the reasons outlined above, the first aim of the present paper is to quantify the 

influence on the soot volume fraction and temperature of a sooty flame of broadband irradiation at 

fluxes of relevance to solar towers using non-intrusive laser techniques LII and TLAF, 
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respectively. The second aim is to provide new insight into the mechanisms responsible for any 

influences thus identified. 

2. Methodology 

2.1 High flux solar simulator  

The solar simulator, illustrated in Figure 1, consists of a 6 kW Metal Halide Lamp close-coupled 

with an elliptical reflector and co-aligned with a conical secondary lamp concentrator to further 

concentrate the radiation. A tertiary concentrator is also employed to cause the concentrated 

radiation to double-pass through the focal area. Details of the optical design of the solar simulator, 

which was perfomred using an experimentally validated Monte-Carlo ray-tracing code, are 

reported elsewhere [18]. The study employs a metal halide lamp as the light source of the solar 

simulator, whose spectrum closely matches the solar spectrum [19]. The elliptical reflector is made 

of aluminum alloy 1050, with a physical vapor deposition  coating comprising alumina and silica, 

similar to that used by Petrasch et al. [20]. The secondary concentrator is cone shaped with an inlet 

diameter of D =  500 mm, an outlet diameter of d  =  55 mm and a length of L  =  1100 mm. The 

tertiary concentrator is also conical with D  =  200 mm, d  =  0 and L  =  60 mm. Both the 

secondary and tertiary concentrators were made of polished stainless steel with a reflectivity of 

65% and are water cooled to less than 50 °C during operation, to minimize both the thermal impact 

of the facility on the flame and degredation of the reflecting surface.  
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Figure 1. A plan view of the LII and TLAF arrangement in flame irradiated by broadband 

radiation from a the solar simulator. Dimensions are in mm.  

The heat flux profile at the target area was determined with a validated Monte Carlo ray-

tracing model. Firstly, the heat flux concentrated by the secondary cone was measured following 

the method reported previously [18, 20-23]. A Lambertian plane of 250 mm × 250 mm was placed 

50 mm downbeam of the secondary lamp concentrator, which is also the focal plane of the 

elliptical reflector with 3 m focal length. Images of the Lambertian plane were acquired using a 

1600×1200 pixels Mega-plus camera. The Lambertian target was then replaced with a water cooled 

circular foil transducer TG1000-1 (Vatell Corporation) to measure the temperature difference 

between the center and the circumference of the transducer, which is directly proportinal to heat 

flux. The image of the radiation reflected by the Lambertian target was converted to a heat flux 

based on the measurement with the transducer. The measured heat flux map 50 mm downbeam 

from the secondary concentrator was then used to validate a Monte-Carlo ray-tracing model. After 

this, an irradiance map 50 mm downbeam of the seconedary concentrator and 50 mm upbeam of 

the tertiary concentrator was simulated with the experimentally validated ray-tracing model [18]. 

This was necessary becayse the double path of radiation in the area between the secondary and 

tertiary concentrator prevents the application of any intrusive physical instrument. 

Figure 2a presents the 64 mm long laminar sooty flame employed in the current study. Figure 2b 
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shows the irradiance map of the radiation applied to the flame, with the radiant flux peaking at 0.45 

MW/m
2
 and generating an average flux of 0.27 MW/m

2
 in the flame area. Figure 2c presents the 

radial profiles of the heat flux at different heights above burners, HABs. It can be seen that the heat 

flux varies significantly in the axial direction, while that in the radial direction is quasi-uniform 

within the flame width (10 mm). The simulated heat flux for the case without the tertiary 

concentrator agree with the measured results to within 5% for the peak flux and to within 13% in 

half width. 

     

(a)     (b)     (c) 

Figure 2. a) Image of the natural luminescence from the C2H4/air diffusion flame, termed a 

“Santoro flame” [24, 25], with the solar lamp off. b) The distribution of heat-flux at the focal plane 

of the solar simulator, without the flame present. The position of the flame is shown by square A-

B-C-D in both a and b. c). the radial profiles of heat-flux at HAB = 0-60 mm. 

2.2 Burner 
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A laminar non-premixed ethylene flame was employed firstly becaues its high soot loading results 

in a strong potential for absorption of CSR and, secondly, because this flame without irradiation 

has been widely investigated previously [26-28]. The burner consists of a central fuel pipe with ID 

10.5 mm and OD 12.6 mm, surrounded by an annular co-flow cylinder with an inner diameter of 

ID 97.7 mm and OD 101.5 mm, both made of brass. The conditioning of the co-flow gas stream 

was achieved with the use of stainless steel mesh, steel honey comb and glass beads. A steel honey 

comb was also employed in the fuel jet to ensure uniform velocity distribution at the jet exit. 

Industrial grade ethylene (>99.5% C2H4) at a flowrate of 0.184 standard litres per minute (SLM) 

was used for the fuel, while the air flowrate was127.7 SLM. 

2.3 Planar LII measurement  

The experimental arrangement used for the present LII measurements follows that described 

previously [24]. A schematic diagram of the experimental layout is shown in Figure 1. An 

Nd:YAG laser operating at 1064 nm was used for the LII excitation. The laser beam was circularly 

polarised and formed into a sheet of ∼0.3 mm thick that was aligned with the nozzle axis. The LII 

laser sheet was clipped with a rectangular aperture to 25 mm in height. The operating laser fluence 

was maintained at ∼0.5 J/cm
2
, which is within the plateau regime to avoid the dependence of the 

LII signals with the laser fluence variation [29, 30]. The LII signals were detected with an ICCD 

camera (ICCD 1) through a 410-nm optical filter (10-nm bandwidth) [24]. The gate width of the 

camera was set to 30 ns. The images from the cameras were spatially matched to pixel accuracy by 

taking an image of the target immediately after the LII measurement using long gate width. The 

LII signals were calibrated using laser extinction measurements following Qamar et al. [31]. A 

chopped, continuous-wave 1064-nm beam was used to avoid the influence of the extinction 

processes by polycyclic aromatic hydrocarbons (PAH) [32]. The soot extinction coefficient (Ke) 

was taken to be 4.03, computed with the formula obtained from Mie theory [33], using the 

complex refractive index m=2.75-2.25i  [34]. 

The LII measurements of the Santoro flame were conducted with and without the 

irradiation from the solar simulator. Images of the flame with the lamp on but the laser off were 
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also taken to be used for the background correction. This was later substraced from the LII signal 

with the lamp on to correct for the interferences of scattering from soot. The 25 mm high laser 

beam was traversed axially, to allow imaging of the entire flame. The measurement of fv is 

repeatable to within 5% as determined from 6 separate measurements. All images presented here 

have been corrected for background and detector attenuation. The images presented for this 

laminar flame were averaged from 200 frames to improve the SNR. Being a steady laminar flame, 

there is no loss of information resulting from this averaging [17]. 

2.4 TLAF measurement  

The temperature was measured using two-line atomic fluorescence (TLAF) following Gu 

et al. [16]. Briefly, two Nd:YAG pumped dye lasers (Quantel, TDL 90) were employed in the 

present study to produce laser beams centred at 410.18 nm and 451.13 nm. The tracer species 

employed in the TLAF technique, atomic indium, is excited to the same upper state at 410.18 nm 

and 451.13 nm. The corresponding fluorescence signals were collected at 451.13 nm (Stokes 

signal) and at 410.18 nm (anti-Stokes signal) were collected using two intensified CCD cameras 

(ICCD 1 & ICCD 2 shown in Figure 1). Flame temperature was then derived from the collected 

LIF signals according to the Boltzmann’s function after correcting the raw images for scatted 

interferences from the high flux radiation. This correction is the main feature that differentiates this 

measurement from our previous work reported elsewhere [35]. 

3. Results  

3.1. Influence of CSR on the soot concentration and temperature within a flame 

Figure 3 presents images of the spatial distribution of soot volume fraction (fv) for the cases with 

and without the irradiation from the solar simulator. It can be seen that fv is significantly higher in 

the flame with CSR, especially on the fuel rich side, although there is no detectable change to the 

length and width of the flame. The reason for the lack of perfect symmetry in the distribution of 

soot for the irradiated flame is that, in the plane where the laser beam intersects with the flame, the 

profile of simulated solar radiation is not symmetrical.  
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Figure 3. Measured soot volume fraction in a planar slice (0.3 mm thick) through the axis of the 

flame with simulated solar radiation on (left) and off (right).  

Figure 4a presents the axial profiles of fv and temperature as a function of the normalized 

HAB, i.e. HAB/Lf, where Lf is the flame length. It can be seen that, fv is increased by a factor of ~ 

1.8 by CSR for HAB/Lf  > 0.16, and peaks slightly upstream at HAB/Lf =0.7. Also presented is the 

data of Konsur et al. [36], who measured the influence of preheating a fuel jet by up to 160 °C, but 

without any irradiation. Some important trends can be deduced, despite some differences between 

the conditions employed in the two experiments. In particular their burner had an internal diameter 

of 1.6 mm, no co-flow, and used a fuel mixture of 50% (volume) C2H2–50% N2 [36]. However, 

while the results reported by Konsur et al. [36] show that the fv can be increased by fuel preheating, 

the influence is only observed in the upstream region of the flame and does not increase the peak 

value of  fv. Their increase is explained by the preheating of the fuel promoting pyrolysis rates 

which generates more soot in this region [36]. In contrast, the extent of preheating of the fuel in the 

current study is negligible for HAB/Lf < 0.19. In addition, while the fuel preheating translates the 

position of soot formation upstream, it does not increase the magnitude of the peak fv. Furthermore, 

the TLAF measurement shows that the addition of CSR causes the centre line flame temperature to 



CHAPTER 5 – INFLUENCE OF CSR ON SVF AND T OF A FLAME 

    

 

69 

 

increase by 50-100 K at HAB/Lf =0.35-0.6. These comparisons are sufficient to show that the 

irradiation with solar flux has a more profound influence on fv than does the preheating of the fuel 

over the temperature range investigated previously. 

Figure 4b presents the spatial gradients of soot. Because this is a temporally stable flame, 

the spatial gradient of soot can be used to quantify the formation rate (dfv/dHAB >0) and consumption 

rate (dfv/dHAB <0) of soot. The inception point is defined as the location where dfv
2
/dHAB is the 

highest. By this definition, the inception of soot is found to be translated upstream by CSR by 7% 

of the flame length. Comparing the soot formation rate, i.e. the positive values of the spatial 

gradient with and without CSR, it was found that the rate of soot formation is higher for the case 

with CSR, by a spatial average percentage of 36%. Furthermore, in the downstream locations 

(HAB/Lf > 0.7), the soot consumption rate is also higher for the case with CSR than that without, 

by a spatial averaged value of 34%. Noteworthy is that the measurement of fv is repeatable to 

within 5% as determined from 6 separate measurements.  

         

(a)       (b) 

Figure 4. a). Profiles of fv and T along the axis of the flame, i.e. at r =0, for the current 

measurements and those of preheating a fuel mixture of C2H2/N2 (50%/50%) reported by Konsur et 
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al. [36]; and b) the spatial gradient of fv along the centre line from the base to the tip of the flame. 

Figure 5 presents the radially integrated fv as a function of HAB, i.e. 

𝑓𝑣_𝑖𝑛𝑡 =  ∫ 𝑑𝜃
2𝜋

0 ∫ 𝑓𝑣 ∙ r ∙ 𝑑𝑟
𝑅

0
 (ppm·m2) ,   (1) 

It can be seen that the total soot volume for the case with the irradiation (the area under the red 

curve) is 55% greater than that without (the area under the blue curve). The lack of perfect 

convergence of the two curves at the flame tip is attributed to the relatively high noise at this point, 

which is more significant for the integral than for the single point measurements reported in Figure 

4, where the convergence is better.  

 

Figure 5. Radially integrated fv through the cross section of the flame at each HAB (Eqn 1), as a 

function of HAB.  

Figure 6 presents the radial profiles of fv and T [16] at different flame heights, from 

HAB=12 mm to 49 mm. It can be seen that fv is increased with the addition of CSR by 40% - 50 % 

at downstream locations HAB > 26 mm. The spatially averaged flame temperature along the radial 

direction was also increased for the case with CSR by a fraction of about 8% for 26 mm < HAB < 

49 mm. That the increase of temperature is lower than that of fv is consistent with the non-linear 

relationship between temperature and fv. That is, reaction rates have an exponential dependence of 

temperature, while soot evolution depends also on residence time.   
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Figure 6. Radial distributions of fv and T at HAB=12, 26, 32, 42 and 49 mm.  

Figure 7 presents the radial distribution of the mole fraction of benzene (A1), pyrene (A4) 

and C2H2 calculated by Liu et al. [28] using the DLR mechanism. It can be seen that C2H2 and A1 

are found mostly at the upstream locations, HAB < 30 mm, while A4 is found at all HABs studied 

(12mm ≤ HAB ≤ 49mm) and peaks at around HAB = 32 mm [28]. All of these species can 

potentially contribute to the  absorption of CSR because benzene, small aromatic hydrocarbons and 

PAH are UV absorbers and IR emitters [37, 38]. This absorption is therefore deduced to be the 

most plausible explanation for the upstream translation of the point of soot inception.  
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Figure 7. Radial distribution of the mole fraction of benzene (A1), pyrene (A4) and C2H2 at HAB = 

12, 26, 32, 42, 49 mm, calculated using the DLR mechanism by Liu et al. [28]. Note the difference 

in range of each species shown in the key.  

Figure 8 presents the radial gradient of fv, dfv/dr, which was calculated from the fuel rich 

side to the fuel lean side. As for the discussion related to Figure 4b, the spatial gradient of soot is 

used to quantify the formation rate (dfv/dr >0) and consumption rate (dfv/dr <0) of soot in the radial 

direction. It can be seen that the formation rate of soot in the radial direction is increased by the 

introduction of CSR by 82% (HAB = 10 mm), 63% (HAB = 20 mm) and 32% (HAB = 30 mm). 

The consumption rate of soot in the radial direction is also increased by the external radiation by an 
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average of 54%, with the increase being 86%, 63%, 20%, 41% and 61 % for HAB = 10, 20, 30, 40, 

50 mm, respectively. In addition, the CSR translates soot consumption towards the flame axis 

beyond HAB = 20 mm. That is, the irradiation translates the soot consumption/formation zone 

closer to the fuel rich side, which implies a greater potential to consume soot.  

 

Figure 8. Spatial gradients of fv as a function of radius. 

The fraction of solar radiant energy absorbed by the flame was estimated with the 

extinction measurement performed by Migliorini et al. [39]. These measurements were performed 

with broadband radiation of 450-1100 nm generated with a tungsten strip lamp through a laminar 

non-premixed ethylene flame with a fuel flow rate of 0.194 SLM and a jet ID = 10.8 mm [39]. This 

flame condition is very close to that of the current work (fuel flow rate of 0.184 SLM and fuel jet 
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ID = 10.5 mm). Their results show that the line-of-sight absorption through the flame at HAB/Lf = 

0.14, 0.59, 0.70, and 0.77 is 0.029, 0.124, 0.073, 0.053 respectively. These measurements were 

used to estimate the flame absorption as a function of normalised flame length. This estimation 

requires converting their measured value of line-of-sight absorption through the axis [39] to a line-

of-sight absorption throughout the entire flame cross section (𝛼𝐴), details of which are provided in 

the Appendice 1.  

The values of 𝛼𝐴 as derived from the measurement of Migliorini et al. [39] are shown at 4 

HABs in Figure 8 (black circles). The continuous function of 𝛼𝐴 was estimated from the averaged 

values of measured fv at each HAB, assuming that soot controls the absorption of broadband 

radiation, as follows 

𝛼𝐴=𝐶1
∫ 𝑓𝑣𝑑𝑟

𝑅

−𝑅

2𝑅
  ,    (3) 

where R is the flame edge in the radial direction. 𝐶1 is a coefficient that represents the line of sight 

absorption rate, which depends only on soot volume fraction. This was determined empirically 

from Eqn 3 to be 𝐶1 = 0.00725/ppm, which yields the lowest deviation (σ) between the measured 

and the calculated 𝛼𝐴, with σ = 2.3%, where σ is defined as the standard deviation of the difference 

between the calculated and measured 𝛼𝐴. The assumption that soot dominates the absorption of 

broadband radiation was validated by an independent calculation of soot absorption, which shows 

that these two values agree with each other to within 3% (Appendix 2).  

Also shown in Figure 8 is the calculated radially integrated incident radiant flux in the 

flame region as is expressed in Eqn 4,  

𝐼𝑖𝑛𝑡 = ∫ 𝐼𝑑𝑟
𝑅

−𝑅
,    (4) 

where 𝐼 is the incident radiant flux (kW/m
2
) applied to the flame as is shown in Figure 2b. 

The products of the incident lamp radiation and the absorption rate were then used to 

calculate the absorbed lamp radiation (blue lines in Figure 9). Hence the integral of this 

relationship corresponds to the external radiant energy that is absorbed by the flame, which is 12 

W for this case. This corresponds to 6.9% of the energy of the total power of the flame, 174.8 W, 

based on the lower heating value (LHV) of the fuel.  The flame absorption can, in turn, be used to 
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estimate the total temperature rise of the flame.  

 

Figure 9. Calculated axial variation of absorbed radiation by the flame region (red curve); together 

with the measured values of absorption through the cross section of each HAB (black symbols), 

derived from the previous measurements of line of sight absorption [39]; estimated absorption rate 

based on the radially-averaged fv at each HAB (black curve); together with the calculated lamp 

radiation that is absorbed by the flame (blue curve), i.e., the product of the irradiation and 

absorption. 

3.2.  Calculation of the global temperature increase of the flame 

The change of global temperature within the flame can be estimated using an energy conservation 

equation, as is shown in Equation 2: 

∑ ℎ𝑖,𝑇2
-∑ ℎ𝑖,𝑇1

=𝐸𝐶𝑆𝑅-𝐸∆ 𝑟𝑎𝑑𝑖𝑎𝑛𝑡 𝑙𝑜𝑠𝑠 ,     (3) 

Here 𝑇1 is the spatial averaged flame temperature without CSR,  which was calculated following 

Liu et al. [28], 𝑇2 is the spatial averaged flame temperature with CSR, which is to be calculated; 

𝐸𝐶𝑆𝑅 is the CSR that is absorbed by the flame, which is estimated to be 12 W based on Figure 9; 

ℎ𝑖,𝑇 is the enthalpy of species 𝑖 in the flame at temperature T for reference state of 298.15 K, as is 

defined below: 

ℎ𝑖,𝑇 = ∫ 𝑐𝑝,𝑖,𝑇𝑑𝑇
𝑇

298.15
 ,      (4) 
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𝑐𝑝,𝑖,𝑇 is the heat capacity of species 𝑖 at temperature T [40]; the species assessed include CO2, CO, 

C2H4, CH4, C2H2, soot, H2O, O2 and N2, the flow rate of these species was determined by their 

spatial averaged concentration within the flame, which was calculated following Liu et al. [28]; 

𝐸∆ 𝑟𝑎𝑑𝑖𝑎𝑛𝑡 𝑙𝑜𝑠𝑠 is the increased radiant loss due to the increased soot volume, as was determined 

from Figure 5. 

𝐸∆ 𝑟𝑎𝑑𝑖𝑎𝑛𝑡 𝑙𝑜𝑠𝑠=𝜀𝜎𝐴𝑇4 ,      (5) 

where 𝜀 is taken to be 1 for soot; A is the surface area of soot, which is determined by the increased 

soot volume and an assumed soot particle diameter of 30 nm.  

With the method described above, the estimated temperature difference ∆ 𝑇𝑒𝑠𝑡𝑖.  of the flame with 

and without CSR is around 107 K. Comparing ∆ 𝑇𝑒𝑠𝑡𝑖. with the measured value ∆ 𝑇𝑇𝐿𝐴𝐹 averaged 

from 5 radial profiles shown in Figure 6, it can be seen that the calculation is consistent with the 

measurement within about 10% (i.e. 10 K). This demonstrates that the measured increase in 

temperature can be explained by the energy absorbed by soot and other species in the flame, which 

transfer the heat to the flame gases, increasing the global enthalpy and temperature of the flame. 

4. Discussion 

The upstream translation of soot inception can be attributed primarily to the absorption of CSR by 

soot precursors such as C2H2, which absorb infrared radiation [41], together with benzene, small 

aromatic hydrocarbons and PAH, which are UV absorbers  [37, 38]. The absorption spectra of 

poly-condensed aromatic functionalities shift toward the visible as the number of aromatic rings 

increases, because the energy gap between the π— π* bands decreases with an increase in the 

coordination length of the n bonds  [42]. Any absorption that promotes fuel decomposition or the 

formation of small aromatics is important in accelerating the soot formation because this is a rate-

limiting step, even though it constitutes only a small part in the overall soot formation process [43-

45]. Strong evidence that this mechanism is significant in the present process can be found in the 

upstream translation in the point of inception by approximately 7% of the flame length (Figure 4b).  
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To identify the major mechanism responsible for the increase in flame temperature under 

CSR, the absorption of radiation by several key species has been estimated and compared. The 

molecular absorption was estimated by multiplying the spectral line intensity (𝑆𝜂𝜂′)  reported in the 

HITRAN database [46] with molecular number density (N) derived from the work of Liu et al. [28], 

the optical path length (∫ 𝑑𝑥
𝑅

−𝑅
) of the current study and the bandwidth of absorption (∫ 𝑑𝜆

𝜆2

𝜆1
). This 

yields the fraction of the energy within the solar spectrum that is absorbed along an optical distance 

with a molecular number density of N. The details of this estimation are reported in Appendix 2, 

Section 2.1. The absorption of soot was estimated based on the beam attenuation theory, where the 

ratio of the attenuated beam to the incident beam intensity (𝐼/𝐼0) can be calculated based on the 

soot volume fraction, optical path and wavelength of radiation using Bouguer’s law [47, 48]. 

Details of this estimation are reported in Appendix 2, Section 2.2.  

These estimations show that the absorption of gas phase species such as O2, CO2 and C2H4 

has a negligible contribution to the total CSR absorbed by the flame for the current case, because 

there is hardly any overlap between the absorption bands of these molecules and the lamp 

spectrum. The absorption by several key gas phase species including H2O, C2H2, A1 and A4 is 

plotted in Figure 10, together with the absorption by soot and that by the whole flame, based on 

previous measurements (Figure 9). It can be seen that the estimated soot absorption matches to the 

overall absorption by the flame to within 3%, making this the dominant factor driving the increase 

of flame temperature. The molecular absorption by H2O is one order of magnitude lower than soot 

absorption, but may be significant under some conditions. The contribution to temperature rise by 

other gas phase species is negligible, with C2H2 being  two orders of magnitude lower than soot 

absorption, while that of A1 and A4 is about 4 orders of magnitude lower than soot absorption. It is 

worth noting that the molecular absorption was estimated based on the absorption spectra of gases 

at atmospheric temperature, while actual gases will be at flame temperature. The exact level of 

uncertainty associated with this approximation is unknown, but is expected to be good enough to 

support the conclusion. 
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Figure 10. Calculated absorption by key species in the flame and that by the whole flame. Refer to 

Appendix 2 for details. 

The measured increase in soot volume fraction from the introduction of CSR is deduced to 

be caused by two factors: 1) the increased temperature on the fuel-rich side of the reaction zone, 

which in turn is driven mostly by the absorption of radiation by soot; 2) the augmented soot 

inception due to the absorption of radiation by soot precursors. The large increase in fv by 

irradiation with CSR (Figures 3 and 4) also provides direct experimental evidence that this process 

is strongly coupled. That is, an increase in fv caused by the absorbed irradiation will further 

enhance absorption of CSR thus leads to a further increase in fv. 

The increased rate of soot consumption at the edge of the flame (Figure 7) can be 

explained by the increased diffusion rate of oxygen to the soot oxidation zone due to the increased 

temperature, thus generating more OH. Puri et al. [49] demonstrated that OH is the dominant 

oxidizer of soot, with O2 concentration remain very small in the regions of active soot oxidation. 

Based on Puri et al.’s measurement, Lautenberger et al. [50] concluded that the paucity of oxygen 

suggests that soot oxidation in non-premixed flames is controlled by the diffusion of oxygen into 

the soot oxidation zone at temperatures high enough for the oxygen to react with H to form OH 

radicals. As the diffusion rate of oxygen molecule increases with temperature, it is widely adopted 

that OH concentration in the soot oxidation zone also increases with temperature [51, 52].  
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5. Conclusions 

The influence of simulated concentrated solar radiation on the Santoro flame was found to be 

significant. Specifically, the irradiation of this flame by CSR at an average flux of 0.27 MW/m
2
 

causes: 

1.  fv to increase by up to 50% at HAB > 30 mm, while the integrated soot volume in the flame is 

increased by 55%. 

2. the point of soot inception to be translated  upstream by 7% of the flame length. 

3. no change to either the visible length or width of the flame, nor to the measured position of the 

outer envelope of soot. 

4. the consumption rate of soot in the axial direction to increase by 34% at the downstream locations 

(HAB/Lf > 0.7). The consumption rate of soot in the radial direction was also found to be higher 

for the case with the simulated CSR, by an average value of 54%. 

5. the spatially-averaged flame temperature in the radial direction to increase by about 8% at 26 mm< 

HAB < 49 mm. 

The explanations of the increase of soot volume fraction, soot consumption rate and T are as 

follows: 

1. The upstream translation of the point of soot inception is attributed to the absorption of 

CSR by soot precursors.  

2. The increase in temperature is deduced to result primarily from absorption of CSR by soot. The 

contribution of molecular absorption is at most second order, with that of H2O being one order of 

magnitude lower and that of all other species being at least two orders of magnitude lower than 

soot absorption.  

3. The increase in soot volume fraction from the CSR is deduced to be caused by two factors: 1) the 

increased temperature on the fuel-rich side of the reaction zone, promoting soot formation; 2) the 

upstream translation of soot inception due to the absorption of radiation by soot precursors. 

4. The increased rate of soot consumption is attributed to the increased flame temperature.  
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Appendix 1 

The correlation between the absorption of radiation through a flame along a line (BA) and that 

throughout a circular cross section (area BDAEB) was derived by integrating the absorption 

throughout the circular area.  

 

Figure A1. Diagrammatic sketch of the light absorption through a cross section of the flame at a 

given HAB.  

Assuming the absorption 𝛼 is a function of radial distance 𝑟:  

𝛼 = 𝑓(𝑟) 

Assuming light 𝐼 comes from the 𝑥 direction, then the absorption by the elements on line OD can 

be expressed as follows: 

𝛼𝑂𝐷 = ∫ 𝛼𝑑𝑥
𝑅∙cos(𝜃)

0
=∫ 𝑓(𝑟)𝑑𝑥

𝑅∙cos(𝜃)

0
 

For the semicircle AEBA, the absorption by elements within this area is:                                                                          

𝛼𝑠𝑒𝑚𝑖−𝑎𝑟𝑒𝑎 = ∫ 𝑑𝜃∫ 𝑓(𝑟)𝑑𝑥

𝑅∙cos(𝜃)

0

𝜋/2

−𝜋/2

 

𝛼𝑎𝑟𝑒𝑎 = 2 ∙ 𝛼𝑠𝑒𝑚𝑖−𝑎𝑟𝑒𝑎 

For centre line BA, the absorption is: 

𝛼𝐵𝐴 = 2 ∙ 𝛼𝑂𝐴 = 2 ∙ ∫ 𝑓(𝑟)𝑑𝑥

𝑅

0

 

 

 

Case 1: Assuming the absorption throughout the area is constant, i.e.𝛼 = 𝐶 
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𝛼𝑠𝑒𝑚𝑖−𝑎𝑟𝑒𝑎 = ∫ 𝑑𝜃∫ 𝐶𝑑𝑥

𝑅∙cos(𝜃)

0

=
𝜋/2

−𝜋/2

∫ 𝑅 ∙ 𝐶 ∙ cos(𝜃)𝑑𝜃 =
𝜋/2

−𝜋/2

2𝐶𝑅 

𝛼𝑎𝑟𝑒𝑎 = 2 ∙ 𝛼𝑠𝑒𝑚𝑖−𝑎𝑟𝑒𝑎 = 4𝐶𝑅 

𝛼𝐵𝐴 = 2 ∙ 𝛼𝑂𝐴 = 2 ∙ ∫ 𝐶𝑑𝑥

𝑅

0

= 2𝐶𝑅 

𝛼𝑎𝑟𝑒𝑎
𝛼𝐵𝐴

= 2 

Case 2: Assuming the absorption is linear with the radial distance 𝑟, i.e.𝛼 = 𝐶 − 𝑘0𝑟 

𝛼𝑠𝑒𝑚𝑖−𝑎𝑟𝑒𝑎

= ∫ 𝑑𝜃∫ (𝐶 − 𝑘0𝑟)𝑑𝑥

𝑅∙cos(𝜃)

0

=
𝜋/2

−𝜋/2

∫ 𝑑𝜃∫ (𝐶 − 𝑘0
𝑥

cos(𝜃)
)𝑑𝑥

𝑅∙cos(𝜃)

0

𝜋/2

−𝜋/2

=∫ cos(𝜃)(𝐶𝑅 −
𝑘0𝑅

2

2
)𝑑𝜃 =

𝜋/2

−𝜋/2

2(𝐶𝑅 −
𝑘0𝑅

2

2
) 

𝛼𝑎𝑟𝑒𝑎 = 2 ∙ 𝛼𝑠𝑒𝑚𝑖−𝑎𝑟𝑒𝑎 = 4(𝐶𝑅 −
𝑘0𝑅

2

2
) 

𝛼𝐵𝐴 = 2 ∙ 𝛼𝑂𝐴 = 2 ∙ ∫ (𝐶 − 𝑘0𝑥)𝑑𝑥

𝑅

0

= 2(𝐶𝑅 −
𝑘0𝑅

2

2
) 

𝛼𝑎𝑟𝑒𝑎
𝛼𝐵𝐴

= 2 

Case 3: Assuming the absorption is parabolic with the radial distance 𝑟, i.e.𝛼 = 𝐶 −
𝑘0𝑟

2

2
 

𝛼𝑠𝑒𝑚𝑖−𝑎𝑟𝑒𝑎

= ∫ 𝑑𝜃∫ (𝐶 −
𝑘0𝑟

2

2
)𝑑𝑥

𝑅∙cos(𝜃)

0

=
𝜋/2

−𝜋/2

∫ 𝑑𝜃∫ (𝐶 − 𝑘0
𝑥2

2 ∙ 𝑐𝑜𝑠2(𝜃)
)𝑑𝑥

𝑅∙cos(𝜃)

0

𝜋/2

−𝜋/2

=∫ cos(𝜃)(𝐶𝑅 −
𝑘0𝑅

3

6
)𝑑𝜃 =

𝜋/2

−𝜋/2

2(𝐶𝑅 −
𝑘0𝑅

3

6
) 

𝛼𝑎𝑟𝑒𝑎 = 2 ∙ 𝛼𝑠𝑒𝑚𝑖−𝑎𝑟𝑒𝑎 = 4(𝐶𝑅 −
𝑘0𝑅

3

6
) 

 

𝛼𝐵𝐴 = 2 ∙ 𝛼𝑂𝐴 = 2 ∙ ∫ (𝐶 −
𝑘0𝑟

2

2
)𝑑𝑥

𝑅

0

= 2∫ (𝐶 − 𝑘0
𝑥2

2
)𝑑𝑥

𝑅

0

= 2(𝐶𝑅 −
𝑘0𝑅

3

6
) 

𝛼𝑎𝑟𝑒𝑎
𝛼𝐵𝐴

= 2 
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Appendix 2 

1. Introduction 

Medwell et al. [1] proposed that the external radiation can interact with the flame through two 

mechanisms: gas phase absorption and soot absorption. This supplement aims to estimate the 

relative significance of these two mechanisms for the case of broadband solar irradiation.  

2.  Methodology  

2.1. Absorption by gaseous species 

The molecular absorption of radiation can be described by the spectral line intensity with a unit of 

cm
-1

/(molecule cm
-2

) [2]: 

𝑆𝜂𝜂′ =
ℎ𝜈

𝑐

𝑛𝜂

𝑁
(1 −

𝑔𝜂

𝑔𝜂′

𝑛𝜂′

𝑛𝜂
)𝐵𝜂𝜂′ ,    (1) 

whereℎ is the Planck constant, 𝑐 is the speed of light, 𝜈 is the frequency of radiation, 𝐵𝜂𝜂′ is the 

Einstein coefficient for induced absorption,𝑛𝜂 and 𝑛𝜂′ are the populations of the lower and upper 

states, respectively, 𝑔𝜂  and 𝑔𝜂′  are the state statistical weights, and N is the molecular number 

density. The weight includes electronic, vibrational, rotational and nuclear statistics.  

The spectral line intensity (𝑆𝜂𝜂′) can be calculated for many molecules in the HITRAN database 

[2]. Importantly, the intensity defined in Eqn 1 is for a single molecule.  Multiplying Ndx to 𝑆𝜂𝜂′ 

gives the fraction of absorption for a light beam at frequency ν while traveling an optical distance 

dx at a molecular number density of N. The current study adopted this methodology to estimate the 

fraction of absorption for the incident radiation. 

Figure A2 shows the transmittance spectra of atmospheric gases CO, N2O, CH4, O2, O3, CO2 and 

H2O ranging from 300 nm to 50000 nm, using data acquired from the HITRAN 2008 spectroscopic 

database [3]. It has been shown in our previous work that the spectral irradiance of the metal halide 

lamp is negligible beyond 1600 nm [4]. Therefore, for the current study, only absorption bands 

ranging 300-1600 nm are of interest. It can be seen in Figure A2 that, below 1600 nm, H2O is the 

major gas phase media that absorb broadband radiation, with three absorption bands centred at 950, 
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1130 and 1410 nm, respectively. The absorption of the rest of the atmospheric gases is negligible 

below 1600 nm, except for O3, whose absorption in the UV range is noticeably high. However, 

because there is presumably no O3 in the Santoro flame for the current work, the O3 absorption can 

be ignored as well. Therefore, H2O is the only molecule of interest for the current assessment of 

atmospheric gases. 

 

 

Figure A2. Transmission spectra of the major atmospheric gases [3].  

In addition to the atmospheric gases, there are also flammable gas phase species in the flame such 

as C2H4, C2H2, A1 to A4 and PAH etc. Among these gases, the absorption of C2H4 can be 

considered to be negligible, because its major absorption bands range 3084-14265 nm [2], which is 
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outside the spectral range of the lamp. Figure A3 shows the absorption lines within the lamp 

spectrum of H2O, C2H2, A1 and an example form of PAH. It can be seen that, at atmospheric 

temperature, H2O absorbs infrared radiation ranging from 800-1600 nm [3], C2H2 absorbs infrared 

radiation ranging from 1000-1600 nm [3, 5], benzene (A1) absorbs UV radiation ranges 235-270 

nm [6] and PAH also absorb UV radiation of different spectral range depends on their molecular 

composition. It can also been seen from Figure 7 of the main text that the concentration of C2H2, A1 

and A4 is noticeably high at HAB<32 mm. Therefore, the absorption of these species at the 

upstream locations is expected to be responsible for the upstream translation of the soot inception, 

as is discussed in the main text.   

 

Figure A3. Spectral line intensity for the H2O [3] and C2H2 [5] at 296 K, and that for benzene [6] at 

293 K and A36 at room temperature [7, 8]. The spectral line intensity for A36 used arbitrary unit 

because the absolute unit is not available from the literature to our knowledge. 

Table 1 lists the key parameters used to estimate the energy absorbed by some important molecular 

species. The overlap between molecular absorption bands and lamp spectrum can be employed to 

estimate the fraction of the lamp radiation that can potentially be absorbed by the molecules. The 
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spectral line intensity (𝑆𝜂𝜂′) shown in Table 1 was spectrally averaged from the data shown in 

Figure 12. N was estimated using the spatially averaged concentration of these molecules in the 

flame based on the modelling work of Liu et al. [9].  Multiplying 𝑆𝜂𝜂′ with N, optical path length 

of the radiation and the absorption wavebands gives the fraction of the energy within the solar 

spectrum that is absorbed by this molecular species. The absorbed energy shown in the last column 

is estimated by multiplying the lamp radiation in the spectral absorption range with fraction of 

absorption. 

Table A1. The molecular absorption of solar radiation in the Santoro flame. The total solar energy applied to 

the flame is 138W. 

Molecule Overlap between 

molecular 

absorption bands 

and lamp 

spectrum (nm) 

𝑆𝜂𝜂′ 

[cm-1/(molecule cm-2)] 

∫ 𝑁𝑑𝑥
𝑅

−𝑅

 

[molecule cm-2] 

Fraction of absorption 

∫ ∫ 𝑁𝑑𝑥 ×
𝑅

−𝑅

𝑆𝜂𝜂′ × 𝑑𝜆
𝜆2

𝜆1

 

Energy 

absorbed  

(W) 

H2O 900-1500 6.91×10-23 6.7×1017 0.0278 0.961 

C2H2 1000-1600 1.05×10-22 1.29×1017 0.0081 0.151 

A1 238-263 3.12×10-19 1.80×1015 0.0141 0.0005 

A4 300-700 3.94×10-18 * 2.85×1012 0.0045 0.0025 

*
 The absorption spectrum of A4 is assumed to be the same with that of A36 as is shown in Figure A3. The 

order of magnitude for the spectral line intensity of A4 is assumed to be 10
-18 

because it is currently unknown.  

It can be seen from the last column of Table A1 that the absorption of gas phase species like H2O, 

C2H2, A1 and A4 are expected to have limited effect on the temperature of the flame, because their 

absorption is estimated to be at least 1 order of magnitude lower than the overall flame absorption. 

Nevertheless, the absorption of C2H2, A1 and A4, despite of being minor, is expected to be the key 

factor driving the upstream translation of the soot formation. 

It is noteworthy that we have estimated the molecular absorption based on the absorption spectra of 

gases at atmospheric temperature, while actual gases will be at elevated temperatures of up to 

flame temperature. The exact level of uncertainty associated with this approximation is unknown, 

but is expected to be much better than order of magnitude, so is sufficient to support the 

conclusion. 
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2.2. Absorption by Soot  

The absorption of external irradiation by soot is estimated based on the beam attenuation theory, 

where the ratio of the attenuated beam to the incident beam intensity (𝐼/𝐼0) depends on soot 

volume fraction, optical path length and wavelength of radiation. The extinction rate can be 

estimated using Bouguer’s law if soot dimensions are assumed to be within the Rayleigh limit for 

spherical particles (
𝜋𝑑𝑝

𝜆
< 0.3) with respect to incident light source [10, 11]. Bouguer’s law for 

light extinction can be expressed as follows [11]: 

𝐼

𝐼0
= 𝑒−𝐾𝑒𝑥𝑡𝐿  ,   (5)  

where L is the optical path through the flame, 𝐾𝑒𝑥𝑡  is the extinction coefficient. This can be 

expressed as follows: 

𝐾𝑒𝑥𝑡 =
6𝜋𝐸(𝑚)∙𝑓𝑣

𝜆
  ,   (6) 

where E(m) is a function of refractive index of soot, 𝑓𝑣 is the soot volume fraction, 𝜆 is the 

wavelength of the incident light source. 

For the current estimation, E(m) is assumed to be 0.30, independent from wavelength and 

soot particle size;  𝑓𝑣 is averaged to be 2 ppm within the flame; L is taken to be 6.5 mm averaged 

from all HABs. Therefore, the global attenuation rate of the flame due to soot absorption is 

estimated and plotted as a function of wavelength in Figure A4. This figure also plots the spectral 

irradiance of the metal halide lamp. The product of these two curves show that the soot absorption 

accounts for 8.5% of the lamp irradiance, for this case 11.7 W. This matches to within 3% the total 

estimated flame absorption as reported in Figure 9 of the main text. 

Importantly, the current assessment estimates the total absorption of molecules and soot 

without accounting for the spatial distribution of species, incident radiation and hence the absorbed 

radiation. Additionally, the refractive index of soot is also assumed to be constant regardless of 

wavelength and soot size. Nevertheless, the estimation of soot absorption agrees with the 
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extinction measurement using 1064 nm laser beam, which shows that the absorption is 7.45% 

averaged from four HABs 15, 25, 35, 40 mm as is shown in Figure A4. This comparison shows 

that the difference between the current estimate and the laser extinction measurement is within 

11%, which is sufficiently accurate to demonstrate that absorption by soot dominates over that of 

gas phase species. 

 

Figure A4. Radiant absorption spectrum of soot in the Santoro flame, together with the spectral 

irradiance of the metal halide lamp [12].  

3. Conclusion 

The current assessment of global absorption of molecules and soot shows that: 

The absorption of solar radiation by gas phase molecules is dominated by H2O, which is small but 

significant, contributing some 8% to the total energy absorbed by the flame. The contribution of 

other gas phase species like O2, CO2 and C2H4 to the total energy absorbed is negligible for the 

current study, because there are few absorption bands of these molecules in the lamp spectrum. 

Soot absorption is estimated to be the dominant mechanism in this process, as it is in the same 

order of magnitude with the overall flame absorption. 

The absorption of solar radiation by gas phase like C2H2, A1 and A4 is expected to be the key factor 

driving the upstream translation of the soot inception, as their absorption lines partially overlap 

with the lamp spectrum and their concentration in the upstream locations is significant. However, 

these molecular absorption is expected to have limited effect on the total radiation absorbed, 
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because their absorption is estimated to be at least one order of magnitude lower than the overall 

flame absorption.  
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8.1 Conclusions 

The thesis advances the knowledge of the influence of concentrated solar radiation on sooty 

flames. Its first major contribution is establishing an experimentally validated ray-tracing 

model that accurately predicts the concentrated heat flux from the solar simulator, and using 

this model, new design and optimization of solar simulators were performed. While this ray-

tracing model is developed for metal halide lamps, the methodology is applicable more 

generally to solar simulators employing other types of discharge arc lamps. The second major 

contribution is that the time-resolved spectra of solar simulators employing metal halide and 

xenon arc lamps were measured using the same spectrometer for the first time to allow for 

direct comparison, which provides significant information to applications in reactors with 

short residence time. The third major contribution is that the first measurement of the 

influence of concentrated solar radiation on the soot volume fraction and temperature of a 

flame was performed, which pushed forward the existing understanding of the interaction 

between broadband solar radiation and a sooty flame. The following sections outline the 

specific conclusions drawn from the various parts of this study. 
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8.1.1 Concentric multilayer model of the arc in high intensity discharge lamps 

for solar simulators with experimental validation 

A single-cylinder model of the arc from the metal halide lamps, whose arc length 

is 23 mm, is too simplistic to provide reliable calculations of heat flux from a solar 

simulator. That is, even with the best case, which corresponds to an assumed arc 

diameter of 11mm diameter, the predicted peak flux is 4.5% lower and the half-

with is 52 % greater than the measured values. Hence a more complex model is 

required for accurate prediction of the heat flux from these lamps. The simulated 

heat flux at the focal plane is sensitive to the length and diameter of the arc in a 

single layer arc model, so that a smaller diameter and shorter length of the 

cylindrical arc results in a higher peak flux, shorter half-width and higher total flux 

at the target with a small aperture. While the calculations obtained by assuming the 

arc as an uniformly radiant volume source yield better agreement than the single 

layer model, the calculated flux falls outside the error bars toward the outer half of 

the focal zone. In addition, the calculated flux is sensitive to the assumed diameter 

of the cylindrical volume, for which there is no absolute definition. The limitations 

of this model can be explained by comparison of the measured and predicted line 

of sight radiation from the arc, which show that the real arc does not exhibit 

uniform flux density. 

A model employing concentric multi-layered cylinders or spheres gives 

somewhat improved accuracy but nevertheless fails to provide good agreement 

with the measured heat flux. This is because the cyclical nature or the arc results in 

a shape that differs significantly from either a cylinder or a sphere during certain 

phases of the cycle. 

Simulations obtained with a compound model of cylinders and monopole 
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spheres and dipole spheres were found to give the best agreement with the 

measured data of the models evaluated here. The best cases falls within the error 

bar of the experiment for peak flux, and the departure of the half-width from the 

measured value is within 11%. The difference in heat flux between the 

measurement and simulation is less than 13% within an area of 92 mm diameter. 

In addition, when the concentric layers are spaced sufficiently closely to resolve 

the profile of the arc, which here corresponds to 9 layers, the simulated results 

become insensitive to the way in which the arc source is stratified. The radiation 

source beyond a diameter of 13 mm does not make significant contribution to the 

maximum heat flux. 

The measured lamp-to-lamp variation in the mean radiant intensity was 

found to be 7.2% for the metal halide lamp HMI6000 assessed in our laboratory. 

However, these details will depend upon the quality of the power supply. In 

addition, the radiation distribution of the arc is somewhat lamp-specific, so that the 

present measurements cannot be expected to necessarily translate exactly to other 

models or types of lamp. That is, in-situ measurements of the arc for different 

lamps will lead to the most accurate predictions, although the proposed modelling 

approach is likely to be applicable. 

8.1.2 Time-resolved spectra of solar simulators employing metal halide and 

xenon arc lamps  

It was found that the integrated deviation of the time-averaged spectrum of metal 

halide lamp matches that of the solar spectrum 3.4 times better than does the 

xenon arc lamp, mainly due to the strong radiation peaks in the 800-900 nm range 

from xenon arc lamp. The deviation of the spectrum from metal halide lamp (Ilamp-

Isun)/Isun is less than a factor of 2 for all wavelengths; while that of xenon arc lamp 

is up to a factor of 7 in the 800-900 nm range. This trend is consistent with 
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previous understanding from manufacturer’s data, although the present relative 

comparison is expected to be more accurate since it was performed with identical 

equipment. Some differences between the present measurements and those of the 

manufacturers were found, as is expected, due to slight differences in power 

supply, manufacturing details and the measuring technique. However, such 

differences are second order compared with differences in the lamp type. 

The time-resolved measurements of the radiation intensity of solar 

simulators has revealed that the radiant intensity from metal halide lamp oscillates 

at a frequency of 100 Hz, which is twice the frequency of the AC power supply, 

while that of xenon arc lamp is around 300 Hz. In addition, the amplitude of the 

oscillation of the radiation intensity from the metal halide lamp is about 60% of its 

peak value, while that from the xenon arc lamp is around 9%. The difference in the 

amplitude of fluctuations in radiation intensity is due to the difference in the type 

of power supply.  Hence too, while the xenon arc lamp offers a steadier radiant 

output than the metal halide lamp, neither lamp achieves a truly steady-state 

output.  

The spectrum from the xenon arc lamp is more stable than that for the 

metal halide lamp due to its use of a DC power supply. The fluctuation in intensity 

of the broadband radiation from the xenon arc lamp is only approximately 9% 

relative to its peak value. However, the spectrum from the metal halide lamp 

shows that the intensity of spectral irradiance gradually increases from 0 to 𝜋, and 

then reverses over the phase range from 𝜋 to 2 𝜋. Overall, light in the range 400 - 

700 nm dominates the broadband radiation from the solar simulator with the metal 

halide lamp.  

The application of concentrators can have a significant influence on the 

spectrum of the radiation from the lamp in selected bands, with reductions in 
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certain wavelength by up to 10% for the elliptical reflector only and to 20% for 

that with both the elliptical and conical concentrators. Hence care must be taken in 

assuming the lamp spectrum is the same as that from the concentrator.  

8.1.3 The influence of high flux radiation from a concentrated solar simulator 

on a sooty flame: assessed via soot concentration and flame temperature 

measurements 

The fv is higher in the flame with CSR by 40% - 50 % at downstream location 

(HAB > 30 mm), especially in the fuel rich side, although there is no visible 

change to the length and width of the flame. The overall soot volume in the flame 

is increased by 55% by the simulated CSR. In addition, the soot inception was 

translated further upstream by 6.2% of the flame length with radiation. The 

consumption rate of soot in the axial direction is almost the same for the case with 

the simulated CSR and that without. While the consumption rate of soot in the 

radial direction is higher for the case with the simulated CSR, by an average value 

of 7% from HAB = 20 mm downstream. 

Possible mechanisms are: Soot absorption tends to dominate the 

interactions between CSR and a flame. Furthermore, an increase in fv caused by 

the absorbed irradiation will further increase fv and thus lead to further absorption 

of CSR. Meanwhile, PAH and other molecular species also absorbs CSR, which 

are expected to be the causes of the upstream translation of the point of soot 

inception. With the increase of soot concentration, the flame temperature is 

determined by two competing mechanisms: i.e. increased soot absorption of CSR 

and increased radiant loss from soot. The increased rate of soot consumption is 

expected to be attributed to the increased flame temperature.  
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8.1.4 Global characteristics of non-premixed jet flames of hydrogen-

hydrocarbon blended fuels  

The key findings from this work are as follows: 

The radiant fraction decreases with the addition of hydrogen as expected, 

due to a reduction in the presence of soot. This implies that hydrogen blending is 

likely to be deleterious to heat transfer in those applications dominated by radiant 

heat transfer. For the same fuel composition, increasing the strain rate at constant 

Reynolds number decreases the radiant fraction, while variation in the Reynolds 

number at constant strain rate does not have a significant influence on radiant 

fraction.     

The heat flux distribution is sensitive to the hydrogen fraction, with a 

complex and non-monotonic dependence of the position of the peak with respect 

to normalized flame length at constant volume flow rate of fuel (and hence 

constant exit strain rate). The peak in the normalized profile translates downstream 

with an initial increase in hydrogen fraction, but then translates upstream again for 

pure hydrogen. This is attributable to the combined influences of an increase in 

hydrogen fraction acting both to inhibit soot formation and to shorten the flame.  

The NOx emissions from a flame tends to increase with the hydrogen 

fraction in the fuel, pointing to the need for additional NOx control measures when 

hydrogen is added to the fuel. This increase is attributed to the combined 

influences of an increase in flame temperature due to the higher adiabatic flame 

temperature, lower radiant fraction and to the reduction in the CH radial pool. The 

NOx production rate scales reasonably well with the reciprocal of non-adiabatic 

flame temperature, suggesting that the NOx emissions are dominated by the 

thermal NOx route. For an increase in strain rate at constant fuel composition, the 

NOx is controlled by the competing influences of radiant fraction and global 
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residence time. Hence thermal NOx control strategies are likely to be most 

effective. 

The CO/CO2 ratio is determined by the competing impacts of flame 

residence time and carbon input rate and mixing rate of flames. It is independent 

of hydrogen ratio at low strain rats, but increases with hydrogen addition at higher 

strain rates. 

8.1.5 Secondary concentrators to achieve high flux radiation from metal halide 

solar simulators 

The use of a large, conical secondary concentrator near to the focal plane can 

increase the concentration ratio significantly, although this occurs at the expense 

of a reduction in the transfer efficiency of the system. For example, the addition of 

the secondary concentrator to the single metal halide lamp system can increase the 

peak flux by 294% and increase the average flux by up to 93 % within a target of 

100 mm diameter, with a corresponding reduction in power by 15%. Similarly, the 

conical secondary concentrator for a seven-lamp system can increase the peak flux 

by 87.3% and increase the average flux by up to 100% within the same area, with 

a corresponding reduction in total power by 48%. The increase can be higher with 

a smaller outlet diameter d, but this occurs at the cost of decreased radiant energy 

in the target area. The optimized half angle of secondary concentrator for the 

single lamp system is 10°-11°. The performance of the secondary concentrator for 

a seven-lamp system optimized at a length of 600 mm and a half angle of 24.5°. 

The optimized half angle of the secondary concentrator is closely related with the 

angle defined by the outmost rim of the elliptical reflector to the focal point. The 

concentration of the primary reflector is sufficiently good that further increases in 

reflector length over the 600 mm results in negligible additional benefit. 

The use of a tertiary back reflector further increases concentration and reduces the 
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trade-off in transfer efficiency. For example, with the aforementioned seven-lamp 

system with the secondary concentrator, the use of a tertiary concentrator results in 

a further increase of 24.9% for peak flux and 21.7% for average flux within a 

target of 100 mm, resulting an average flux of 0.7 MW/m
2
 within the volume of 

100 × 100 × 100 mm
3
. 

The concentrated heat flux is sensitive to the surface reflectance of the conical 

secondary concentrator, with both the peak and the average fluxes decrease 

linearly/quadratically with the surface reflectance. Heat flux concentrated by the 

tertiary back reflector is of lower sensitivity to reflectance compared with that for 

the secondary concentrator, due to the lower contribution of the conical back 

reflector to the concentrated flux. 

The presence of the secondary concentrator reduces the sensitivity of the heat flux 

at the focal plane to misalignment between the elliptical reflector and the arc. 

However, this reduction is more significant for the single lamp system than for the 

seven lamp system. These results highlight the significance of the accuracy of the 

alignment during the operation of the solar simulators. 
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8.2 Recommendations for future work 

This thesis advances the knowledge of the influence of concentrated solar 

radiation on combustion. However, more studies are required to further understand 

the mechanisms involved in the interaction between high flux solar radiation and 

sooty flames. These are presented here: 

1. Measurement of heat flux from multiple-lamp system. This is because, although 

the geometry of the concentrators has been optimized and the resultant heat flux 

from multiple-lamp systems has been predicted using a Monte-Carlo ray-tracing 

model, the experimental results are always desirable for testing the validity of the 

ray-tracing simulation for multiple lamps system, and to further improve the 

model.   

2. Isolating the spectral effect of concentrated solar radiation on combustion by 

introducing high flux laser radiation of different wavelengths into the flame. This 

will help to better understand the mechanism of the interaction between species in 

the flame and radiation of difference wavebands. This is because, it is expected 

that although the absorption of soot is broadband, that of other species is more 

wavelength selective. However, based on the current measurement employing the 

high-flux broadband radiation, the spectral effect of the high-flux radiation on a 

sooty flame cannot be isolated.  

3. The measurement of more species/parameters in the flame with and without CSR 

would be desirable. For example, the distribution of OH will help to identify the 

change (if any) of the flame oxidation layers; and/or the measurement of the soot 

sizing, e.g. through time-resolved LII, will be important information to identify 

whether CSR will crush soot into smaller particles.   
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4. Assessing the effect of the intensity of concentrated solar radiation on combustion 

by varying the intensity of the incident radiation on flames, to investigate whether 

the influence of CSR on flame is progressive or there is a threshold for the impact 

to take place. 

5. Measurement of radiant fraction of the flame with and without the CSR to quantify 

the difference of radiation from the flame. This will be significantly useful to 

relate this research finding to industrial applications, because radiation is the major 

form of heat transfer in furnaces and kilns. 

6. The current work would also be more industrial related if the fuels were expanded 

from ethylene to methane or such solid fuels as coal or biomass. This investigation 

may need to be undertaken alongside with the development of advanced diagnostic 

techniques for combustion of solid fuels. 

7. Modelling the flame under external radiation can help to identify the key species 

responsible for the interaction between solar radiation and flames, and the relative 

significance of their contributions.  Modelling the hydrogen-hydrocarbon blended 

fuels will also be useful to isolate the effect of soot volume fraction and 

temperature on the radiant fraction and pollutant emissions of these flames. 
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