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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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CHAPTER 1 INTRODUCTION

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 CO, 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 CO, 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 CO, laser radiation at 10.6
um with a fluence of 4 MW/m? 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.

5
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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 NO, 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 CO, 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 CO, laser radiation at 10.6 pm
with a fluence of 4 MW/m? 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

9
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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.

11
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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, CO, and H,O [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
14
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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

15



CHAPTER 2 - LITERATURE REVIEW

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 (LI11)

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 LIl can stand the environment of high flux laser radiation [14], the viability of

LIl 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 [586,
57]; This is because the energy gap between the m— n* 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 C,H, and H,O
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

CO, 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/L= 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 Eqg. 1:

fe _ Ecsr ’ (1)

Eflame

Then f, 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 f. 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 f. is higher. Nevertheless, the comparison of f. itself still shows
that, the peak soot volume fraction (f,) 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 Qexternal fe Increase of peak
f
W) (M) '
Qﬂame
Konsur et al. Fuel preheating to 106.6 0.32864 W 0.31% 5%
[67] AT=97 and 137 (AT=97 K) 0.44%
0.46416 W
(AT=137 K)
Medwell et al. 10.6 pum laser 517.8 69 W 13.3% 250%
[14] radiation
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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 H, 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% C,H, + 41% H, + 19% N, 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:

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.

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.

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 LIl and
temperature measurement using TLAF technique.

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.

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

High flux solar simulators, comprising high-intensity-discharge lamps coupled with elliptical reflectors, have been widely employed to
study concentrated solar thermal energy systems in a controlled manner. However, little information is available of the influence of the
assumptions about the properties of the arc on the accuracy of the prediction of the heat flux at the focal plane. This paper presents a
concentric multilayer model of the arc that is developed to predict the spatial distribution of the heat flux at the focus. Measurements
were performed of both the time-resolved and time-averaged spatial distribution of the discharge arc from a commercial metal halide
lamp with a 23 mm spacing between the two electrodes. The efficacy of various alternative simplified approaches to model the arc using
a commercial Monte Carlo ray-tracing code were assessed, which include models of cylinder, monopole sphere, dipole-sphere and three
types of compounds of these three shapes. These predictions were validated with measurements using a CCD camera and a heat flux
gauge, which shows that the predicted profiles from the three compound models agree with the experimental results to similar extent,
with no difference in the predicted maximum heat flux and within a difference of 11% for the predicted half-width.

Crown Copyright © 2015 Published by Elsevier Ltd. All rights reserved.

Keywords: Discharge arc; High flux solar simulator; Ray-tracing modelling; Experimental validation

1. Introduction

The use of electrically powered lamps to simulate con-
centrated solar radiation has become increasingly common,
because of its advantage over natural solar radiation in
providing repeatable performance by avoiding the need
to accommodate the variability of the solar resource
(Dong et al., 2015). The design of a variety of high powered
solar simulator systems, comprising high-intensity-
discharge lamps coupled with elliptical reflectors have been
reported, as is summarized in Table 1. It can be seen in

* Corresponding author.
E-mail address: xue.dong@adelaide.edu.au (X. Dong).

http://dx.doi.org/10.1016/j.solener.2015.09.004

Table 1 that, while the measurement of the distribution
of the concentrated heat flux has been reported in most
of the designs (Petrasch et al., 2007: Krueger, 2012; Codd
et al., 2010; Craig, 2010; Alxneit and Dibowski, 2011; Li
et al., 2011; Kuhn and Hunt, 1991; Sarwar et al., 2014),
only a few of them have reported the model of the arc
for ray-tracing simulation (Petrasch et al., 2007; Krueger,
2012; Alxneit and Dibowski, 2011; Li et al., 2011; Bader
et al., 2015), and even less have compared the heat flux dis-
tribution of the simulation with the measurement (Alxneit
and Dibowski, 2011: Li et al., 2011). Furthermore, neither
measurements of the arc profile nor the sensitivity analysis
of the predicted heat flux distribution at the target to the
assumptions of the properties of the arc are available in

0038-092X/Crown Copyright © 2015 Published by Elsevier Ltd. All rights reserved.
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Table 1
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Details of previously reported designs of high-flux solar simulators.

Source Type of solar simulator Type of model used for Arc profile Methodology used to measure  Experimental validation of Sensitivity assessment
simulation of the arc profile = measurement the concentrated heat flux the concentrated heat flux of the arc model

Petrasch et al. (2007)  Xenon arc + elliptical Single layer of sphere - CCD + calorimeter - -
reflector

Krueger (2012) Xenon arc + elliptical Uniform cylindrical volume  — CCD + calorimeter Reported Reported
reflector

Ekman (2014) Metal halide + elliptical - - - - -
reflector

Codd et al. (2010) Metal halide + elliptical - - Calorimeter - -
reflector + conical
concentrator

Craig (2010) Xenon arc + elliptical - - CCD + heat flux gauge - -
reflector

Alxneit and Xenon arc + elliptical Single layer of cone - CCD + heat flux gauge Reported -

Dibowski (2011) reflector

Liet al. (2011) Xenon arc + elliptical Single layer of sphere - Thermopile Reported -
reflector

Kuhn and Hunt Xenon arc + elliptical - - Calorimeter - -

(1991) reflector

Sarwar et al. (2014)  Xenon arc + elliptical - - CCD + heat flux gauge - -
reflector

Bader et al. (2015) Xenon arc + elliptical Uniform cylindrical volume  — - - -
reflector

Current study Metal halide + elliptical Multilayers of different Reported CCD + heat flux gauge Reported Reported

reflector

shapes

6T
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the literature. However, the significance of the energy dis-
tribution of the arc increases with the spacing between
the electrodes, since the departure of the arc from a point
source increases with the length of the arc. Hence this issue
is more significant for the metal halide lamps, for which the
electrode spacing of a 6000 W lamp is 23 mm, than for the
xenon-arc lamps that have been used commonly in previ-
ous solar simulators (Petrasch et al., 2007; Krueger, 2012;
Craig, 2010; Alxneit and Dibowski, 2011; Li et al., 2011;
Kuhn and Hunt, 1991; Sarwar et al., 2014), for which the
electrode spacing of a 6000 W lamp is typically 9 mm.
However, the metal halide lamps offer the advantages of
a spectrum that better matches that of the solar resource,
improved safety and a lower risk of cascading failure
(Dong et al., 2015). Therefore, there is a need both for mea-
surements of the properties of the light source and for var-
ious approaches with which to model the arc source, thus
allowing new designs to be undertaken with relatively high
accuracy without first performing further experimental
measurements of the heat flux distribution at the focal
plane.

The structure of the arc needs to be spatially resolved
because the radiant distribution of the arc is not spatially
uniform in energy density (Spring et al.; Davidson and
Dirac; Newport; Anon.). Accounting for these effects will
potentially increase the accuracy over previously reported
analyses, which have assumed a uniformly distributed light
source with radiation issuing from the surface of a sphere
(Petrasch et al., 2007; Li et al., 2011), a cone (Alxneit
and Dibowski, 2011) or within the volume of a cylinder
with specified angular distribution (Krueger, 2012; Bader
et al., 2015). Since the final prediction of heat flux distribu-
tion at the target is strongly sensitive to the original
assumptions of the energy distribution of this light source,
there is a need to evaluate and compare the accuracy of a
model assuming a uniformly radiant volume source and a
model based on the measured energy distribution of the
arc, which is non-uniform.

The details of shape and dimensions of the arc are also
important, because any error in the assumptions of
the shape and dimensions of the arc will be amplified by the
reflector, resulting in larger errors in the prediction of the
heat flux distribution at the focal plane (Rehn, 2004).
Although the mathematical relations between an extended
source and its image from an elliptical reflector on the sec-
ondary focal plane has been derived by Rehn (2004), the
error of this analytical solution is yet to be quantified by
comparison with experimental data. Petrasch et al. (2007)
have also numerically analyzed the effect of arc dimension
on the transfer efficiency of the elliptical reflector, while
Krueger (2012) has assessed the influence of arc geometry
and dimension on the transfer efficiency and flux non-
uniformity. However, despite their value, these assessments
also have their limitations, because a better performance in
transfer efficiency does not necessarily coincide with a bet-
ter performance in non-uniformity. Hence there is a need
to directly compare the assumed and measured intensity

34

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 perfor-
mance. Therefore, one aim of the present paper is to eval-
uate the sensitivity of the assumed size, shape and energy
distribution of the arc on the reflected heat flux profile
using a ray-tracing simulation.

Additionally, a detailed measurement of the arc profile is
critical, because different types or designs of arc lamps typ-
ically generate different profiles of the arc source (Spring
et al.; Davidson and Dirac; Newport; Anon.). Although
the lamp manufacturers generally report the half-width
for the profile of radiant intensity of the arc averaged from
various lamps (Anon.), it is impossible to determine the full
shape of the profile from this data alone. Therefore, another
aim of the present paper is to accurately measure the profile
of the light source from a metal halide lamp. For the details
of a model to be applicable to other designs using the same
model of lamp, it is also necessary to assess the extent to
which the arc profile varies from one lamp to another.
Hence a further aim is to quantify the lamp-to-lamp varia-
tions in the arc profile for the same model of lamp.

An accurate measurement of the heat flux profile at the
second focal plane (i.e. the position of the target) is also
required for reliable validation of the final output from
any model, such as the Monte-Carlo ray-tracing model.
Although the measurement of heat flux at the focal plane
has been reported in the literature (Petrasch et al., 2007;
Krueger, 2012; Alxneit and Dibowski, 2011), no heat flux
measurements have been reported together with the mea-
surement of the arc profile for both the model input and
output. Therefore, an important aim of the present paper
is to assess the influence of various assumptions about
the size, the shape and the energy distribution of the arc
on the accuracy with which the heat flux distribution at
the target is predicted, as compared to measurements.

2. Methodology
2.1. Solar simulator system

A metal halide discharge arc lamp, HMI 6000, with an
electrode separation of 23 mm was chosen for the current
study, as is illustrated in Fig. 1. The model of the ballast
and ignitor for the lamp are ARRI 6 kW CB, and Walter
Bauch 907 respectively. 50 Hz AC power was supplied to
the lamp. The spectral properties of the metal halide lamp
have been reported by the Osram company (Dong et al.,
2012), and also measured by our group (Dong et al.,
2015), which shows that the spectral irradiance of the metal
halide lamp is a closer match to that of the sun, as compared
to the xenon arc lamp, with a deviation of no more than
200% over the range of 350-900 nm (Dong et al., 2015).
The elliptical reflector, shown in Fig. 1, has a focal length
of 3 m and is made of aluminium alloy 1050, with a Physical
Vapour Deposition (PVD) coating comprising alumina and
silica, following that used by PSI (Petrasch et al., 2007).
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Fig. 1. (a) Cross section of the elliptical reflector reproduced from an earlier design (Petrasch et al., 2007), coupled with the metal halide lamp. Dimension
is in mm. (b) Front view of the discharge arc lamp, with two cameras aligned at two different orientations for the measurement of arc profile.

2.2. Measurement of the arc

The spatial distribution of the intensity of light emitted
from the radiant source was measured by imaging the arc
from the lamp, using two cameras: MegaPlus E2020 and
AndoriStar, DH734-18H-13. As is shown in Fig. 1(b), the
side view was 33° apart from the oblique view, and both
measurements were performed without the presence of
the elliptical reflector. The measurements started at least
2min’ after the lamp was ignited to ensure that the arc
was stabilized. Six hundred frames of the arc were recorded
over 60 discharge cycles, which is sufficient to provide an
unbiased average. The integration time for each frame is
10 us, and the phase of each image was determined from
the knowledge of the 100 Hz discharge frequency of the
lamp (twice the 50 Hz AC power) (Dong et al., 2015) and
that of the framing rate of the cameras (3.135 Hz). To char-
acterize the individual differences of the metal halide HMI
6000 W lamps, we also measured and compared the profiles
of the arc from another 5 lamps of the same model using
the Andor ICCD camera.

2.3. Measurement of the concentrated heat flux

Among many methods of heat flux measurement
(Petrasch et al, 2007; Krueger, 2012; Kaluza and
Neumann, 2001; Ballestrin et al., 2006; Hager et al., 1991),
a reliable technique for planar heat flux measurement is

! Note that the need for 2 min start-up time reported here supersedes
our earlier conference paper (Dong et al., 2013), which incorrectly
reported this value as 30 s.
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via a combined measurement of a CCD camera and a heat
flux sensor (Petrasch et al., 2007; Krueger, 2012; Craig,
2010; Lovegrove and Stein, 2012). A Lambertian target,
which is a water-cooled aluminium panel that has been
plasma coated with alumina, was placed at the focal
plane of the elliptical reflector. The heat flux distribution
was acquired by imaging the focal plane using a
1600 x 1200 pixels Mega-plus camera. The Lambertian
target was then removed, a water-cooled circular foil heat
flux transducer TG1000-1 (Vatell Corporation), with a
range of 0-3 MW/m? and an accuracy of +3%, was posi-
tioned at the centre of the focal plane to measure the abso-
lute heat flux. The ratio of the absolute heat flux and the
average pixel intensity in the corresponding area in the
image was defined as the conversion factor, which was used
to convert the CCD image into an absolute heat flux image
as is shown in Fig. 6.

2.4. The Monte-Carlo ray-tracing model

A ray-tracing model of the radiation from the lamp,
reflected by a closely-coupled elliptical reflector was devel-
oped with the commercial code TracePro®. The surfaces of
lamps, elliptical reflectors and the focal plane were each
modelled as a compound non-uniform rational b-spline
(NURBS) surface (Tracepro User’s Manual 7.3, 2012).
The material properties of the reflector were taken to be
those of polished aluminium, while the radiation source
was modelled as a radiometric flux with a Lambertian-
type angular distribution. A comparison of the Lambertian
angular distribution with the measured data from the man-
ufacturer is shown in Fig. 2. The area covered by the two
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Fig. 2. Probability density function of the angular emission distribution of
the lamp relative to the lamp axis for the metal halide lamp provided by
the lamp manufacturer (Anon.), and Lambertian-type angular emission
distribution adopted in the current paper.

curves in Fig. 2 is the same to keep the total energy equiv-
alent. The difference o between the Lambertian angular dis-
tribution and that reported by the manufacturer is defined

in Eq. (1):
fU’T ("Lumh}f{l;id:;ﬁurl’m) dy 1

7= -0 ’ M
where /;,,,(0) is the radiant intensity of Lambertian distri-
bution at angle 0, /4., (0) is the radiant intensity at angle
0 reported by the manufacturer. The assumption of a Lam-
bertian angular distribution can be seen to match the mea-
sured angular distribution of the lamp, with a difference of
17.3%.

The model employs the Monte-Carlo method, in which
rays are directed randomly from a specified surface source,
without making any assumptions of the order in which
objects and surfaces will be intersected. The optical flux
associated with each ray is tracked, accounting for the
specular reflection of the aluminium reflector with a 95%
reflectance, following the bi-directional reflectance distri-
bution function (BRDF) (Nicodemus, 1965) as is shown
in Eq. (2). The reliability of the simulation depends on
the use of a statistically significant number of rays
(Tracepro User’s Manual 7.3, 2012).

Nyer = Nipe BRDF cos 0,,.dQ;,., (2)
AQ

where N, is the reflected power which obeys the law of
reflection, N, is the incident power, €,,. is the solid angle
of the incident power, the range of which is determined by
the surface curvature of the reflector, 0. is the incident
angle from the normal to the incident location. The BRDF
model is a quasi-inverse-power-law model, known as the
ABg model, as is shown in Eq. (3) (Tracepro User’s
Manual 7.3, 2012).

BRDF = — 2 (3)

B+ [ —pol*

where A4 =0.0025, B=0.001 and g= 1.8 are empirical
constants (Tracepro User’s Manual 7.3, 2012), f, is a pro-
jection onto the surface of the unit vector r in the specular
direction, f§ is a projection onto the surface of the unit
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vector » in the reflecting direction, and the magnitude of
their difference is the variance of BRDF.

In the results presented hereafter, the total radiant
energy from each 6 kW metal halide lamp was considered
to be 4.5 kW, accounting for 10% ohmic loss from the foil
and electrodes and a 15% heat loss from the bulb
(OSRAM, 2011). The arc of the lamp was modelled as a
series of concentric layers, details of which are shown in
Section 4.3, each layer providing radiation from its surface
with Lambertian angular distribution. Each surface is also
fully transparent to light emitted from another surface
source. The characteristic dimensions of the elliptical
reflector established in the model is the same with those
shown in Fig. |. An optically transparent plane was placed
at the focal area to display the heat flux through that area.

3. Experimental results
3.1. Spatial profile of the discharge arc

Fig. 3 presents four instantaneous images of the arc
from the metal halide lamp at different phases of a cycle.
Phase 0 is defined as the moment with the lowest radiant
intensity. Fig. 3 reveals that the shape of the arc approxi-
mates that of a cylinder during the first three phases of
the cycle (Fig. 3(a)-(c)), when the intensity is also the
brightest. However, as the intensity begins to decrease,
the arc becomes more elliptical in shape and approaches
being spherical for the outer layers. The shape and bright-
ness of the arc varies with the discharge cycles because the
metal halide lamp employed 50 Hz AC power supply
(Dong et al., 2015). In contrast, the discharge from a xenon

(a) Ignition (b) Intensification
- 1000 -2 1000
-10|
500 0 500
10
- 20 0
E -10 0 10 =0 -10 0 10 0
- (c) Crescendo (d) Relaxiation
-2 1000 2 1000
-10]
500 0 500
10
20
-10 0 10 0 -10 0 10 o
r (mm)

Fig. 3. Transient evolution of the arc intensity distribution through a
discharge cycle (0.01 s), with the phase being (a) 36°, (b) 144°, (¢) 216° and
(d) 324°. The integration time of each image is 10 us. The colour-bars are
in arbitrary unit. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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arc lamp is much more stable because they are supplied
with the DC power through an AC-DC rectifier (Dong
et al., 2015). Though the arc varies with time in both shape
and intensity during a discharge cycle, the present work is
limited to the time-averaged profile of the arc. Because
though the time-averaged properties of the light source
may be insufficient for those cases in which the residence
time of certain reacting species is comparable with a dis-
charge cycle, they are sufficient for those applications in
which the residence time of reactants in the solar cavity
receiver is much longer than a discharge cycle (Wegner
et al., 2006; Chueh et al., 2010). Therefore, it is common
to assess only the time-averaged profile of the arc
(Petrasch et al., 2007; Krueger, 2012; Craig, 2010; Alxneit
and Dibowski, 2011; Li et al., 2011).

Fig. 4(a) and (b) presents the time-averaged profile of the
arc, viewed from two azimuthal directions, 33° apart, both
averaged from 60 discharge cycles. It can be seen that the
profiles viewed from two directions exhibit the same shape,
and very similar in light intensity and energy distribution.
In addition, both of them are asymmetric, with the profiles
bending to the right side. This is due to the gravity effect of
the arc, as the right side was facing the ground during the
measurement. Fig. 4(c) shows the radial profiles of the arc
from Fig. 4(a) and (b). It can be seen in Fig. 4(c) that the max-
imum difference between the profiles from the side view and
the oblique is 13%, while the average difference is 3.3%.
Hence the time-averaged image from a single viewing direc-
tion is considered to be representative of those from all direc-
tions. Therefore, the time-averaged image from the side view
was used to resolve the structure of the arc.

3.2. Lamp-to-lamp variation in radiant intensity

Fig. 5 presents the radial profiles of 6 different lamps at
the mid-point through the arc, i.e. at y = 0 of Fig. 4. It can
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Fig. 5. Radial profiles of the arcs of six different lamps of the same model
through the mid-point of the arc. Profiles shown on the left side are those
from 6 lamps respectively, and that shown on the right side is the
arithmetic average of the 6 profiles. Error bars on the right side are the
RMS of the 6 profiles about the mean value.

be seen that while different HMI 6000 lamps exhibit very
similar profiles of the arc they do have some lamp-to-
lamp variation. In the present work, the variation is defined
as the standard deviation relative to the arithmetic average,
ie.

/1 n _a2 [ 1E
v= nzl(lfl)/(nzl]!)a

where I is the radiant intensity of the arc.

It was found that the variation of peak intensity is 8.6%,
and that of mean intensity and half-width are 2.2% and
7.2% respectively. The half-width is defined as the radial
distance between the position of the peak intensity and that
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Fig. 4. (a) Time-averaged spatial distribution of the arc from the side view as is illustrated in Fig. 1b; (b) an oblique view obtained from 33° relative to the
side view as is illustrated in Fig. 1b; and (c) the radial profiles of two views, red line for the side view, blue line for the oblique view. The contour is averaged
from 60 discharge cycles, with an integration time of 10 ps for each frame. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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of half of the peak intensity. In addition, the measured
half-width to arc length ratio is 0.256, while that provided
by the manufacture for average illuminance of the metal
halide lamps is 0.262 (Anon.). This means that the current
measurement agrees well with the manufacturer’s data for
the profile of the arc. These values can be used to assess
the uncertainty of the application of the current measure-
ments to calculate the performance of other designs with
the same model of lamp. However, new measurements of
the arcs of different models and/or type of lamps are
required to assess the extent to which their arcs differ from
those reported here. Nevertheless, the current methodology
is expected to be more widely applicable to other light
sources.

KW/m?
120

100

y (mm)

-40 -20 0 20 40

Radial (mm)

Fig. 6. Time-averaged heat flux measured at the focal plane of the
elliptical reflector by calibrating a CCD image with a heat flux gauge.
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3.3. Heat flux at the focal plane

Fig. 6 presents the measured heat flux distribution at the
focal plane. It can be seen that the distribution of the heat
flux on the focal plane is approximately radially symmetri-
cal, except that the shape of flux profile at the top-left of
Fig. 6 is a little deformed. Potential causes for this are
asymmetries in the arc, departure from a purely spherical
shape of the bulb and the presence of a metal wire outside
the bulb that cause a shadowing effect. The total energy
within the area of 95 x 95 mm is 0.71 kW, with a maximum
heat flux of 0.112 MW/m?. This means the overall transfer
efficiency of the 6kW Metal Halide Lamp to the
95 x 95 mm target is 11.8%. This relatively low transfer
efficiency results from a 10% ohmic loss from the foil and
electrodes of the lamp, a 15% heat loss from the bulb
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Fig. 8. Cross-sectional profile of the arc, averaged from y = 0-11 mm in
Fig. 4a, superimposed on the dimension of the contours.
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Fig. 7. Measured heat flux at y = 0 of Fig. 6 compared with simulated heat flux profiles of a metal halide 6000 W lamp with different assumed cylindrical
arc dimensions, namely (a) the radius is varied at constant L = 23 mm and (b) the length is varied at constant r = 11 mm.
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Table 2
Details of the models of the arc, assuming coaxial cylinders, concentric monopole spheres and dipole spheres, all with a total radiant power from the arc of 4500 W. The length of all cylindrical layers is
23 mm. Fluxes are calculated through the focal plane within an area of 240 mm in diameter.

Pixel intensity of concentric arc  Diameter of the arc layer Radiant power input  Contribution to average flux (%)

(a.u) (mm) (%) Coaxial cylinders of 23 mm long Concentric monopole spheres Concentric dipole spheres”
600 29 36.6 39.35 38.6 39.36
500 43 14.8 15.78 15.61 15.91
400 5.2 10.36 10.98 10.92 11.12
300 7.8 8.12 8.41 8.56 8.64
200 9.2 8.12 8.27 8.54 8.52
100 135 7.42 7.03 7.65 7.05
50 16 7.6 6.78 7.26 6.62
10 30 4 2.2 1.98 1.92
5 41 3 1.17 0.84 0.85
Total 100 100 100 100°

* For the case of the dipole spheres, the diameter of each arc layer is the same for each of the two poles. The radiant energy input shown is for the total dipole, hence that for each sphere is half of this
value. The distance between the dipoles is 8 mm.
° The sum of the contribution to the average flux from individual layers may not exactly equal that from the multilayers due to rounding errors. This note also applies to Tables 3-5.
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Table 3
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Details of coaxial cylinders and concentric monopole spheres model 1. The total radiant power from the arc is 4500 W and length of all cylindrical layers is
23 mm. Fluxes are calculated through the focal plane within an area of 240 mm in diameter.

Pixel intensity of concentric arc Diameter of the arc layer (mm)

Radiant power input (%)

Contribution to average flux Shape of layer

(a.u.) (%)
600 29 36.6 39.34 Cylinder
500 4.3 14.8 15.77 Cylinder
400 5.2 10.36 11.06 Cylinder
300 7.8 8.12 8.34 Cylinder
200 9.2 8.12 8.16 Cylinder
100 13.5 7.42 6.89 Cylinder
50 16 1.6 7.61 Sphere
10 30 4 1.96 Sphere
5 41 3 0.9 Sphere
Total 100 100 Compound
Table 4

Details of coaxial cylinders and concentric monopole spheres model 2. The total radiant power from the arc is 4500 W and length of all cylindrical layers is
23 mm. Fluxes are calculated through the focal plane within an area of 240 mm in diameter.

Pixel intensity of concentric arc Diameter of the arc layer (mm)

Radiant power input (%)

Contribution to average flux Shape of layer

(a.u.) (%)
700 1.2 9.79 10.71 Cylinder
550 3.6 30.6 32.84 Cylinder
450 4.6 9.9 10.55 Cylinder
350 6 12.13 12.79 Cylinder
250 7.4 10.17 10.58 Cylinder
150 10.8 12.72 12.25 Cylinder
50 16 7.6 7.49 Sphere
10 30 4 1.94 Sphere
5 41 3 0.86 Sphere
Total 100 100 Compound
Table 5

Details of the compound models of coaxial cylinders and concentric spheres (dipole and monopole). The total radiant power from the arc is 4500 W and
length of all cylindrical layers is 23 mm. Fluxes are calculated through the focal plane within an area of 240 mm in diameter.

Pixel intensity of concentric arc Diameter of the arc layer (mm)

Radiant power input (%)

Contribution to average flux Shape of layer

(a.u) (%)
600 2.9 36.6 40.25 Dipole*
500 4.3 14.8 15.5 Cylinder
400 5.2 10.36 10.79 Cylinder
300 7.8 8.12 8.27 Cylinder
200 9.2 8.12 8.15 Cylinder
100 13.5 7.42 6.74 Cylinder
50 16 1.6 7.38 Sphere
10 30 4 2 Sphere
5 41 3 0.86 Sphere
Total 100 100 Compound

* Diameter of arc layer for dipole spheres shown in this table is for each of the two poles, the radiant input for each of the dipole is half the value as is

shown in the table. Distance between the dipoles is 8 mm.

(OSRAM, 2011), a capturing angle of 220° over the 360°
source (Fig. 1), a 5% heat loss to the reflector and depar-
ture of the shape of the arc from a point source.

4. Simulation
4.1. Arc model of single layer surface source

Fig. 7 presents the sensitivity of the calculated heat flux
profile to the assumed diameter and length of the arc.

40

This calculation was performed for the single-cylinder
model of the light source, which models the arc as a single
cylindrical surface with 4.5 kW radiant power. Specifically,
Fig. 7(a) shows the heat flux from a cylindrical arc of
various diameters at a constant length of 23 mm; While
Fig. 7(b) shows heat flux from a cylindrical arc of various
lengths at a constant diameter of 11 mm. The error-bar of
+3% for the experimental results comes from the accuracy
of the heat flux gauge. It can be seen from Fig. 7(a) that the
calculated values depend strongly on the assumed diameter
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of the cylinder, with both the peak and the total flux
increasing with a decrease in the diameter of the cylindrical
arc, so that an arc of smaller diameter results in a higher
peak flux and a smaller half-width. However, the single
cylinder model does not reliably reproduce the half-width
of the experimental results, so that even the case with a
similar peak flux, which has an assumed diameter of
11 mm, differs from the experimental data in shape, with
a difference of 55.42% in the half-width. Similarly, the
intensity and profile of the calculated heat flux is also
sensitive to the length of the arc, as is shown in Fig. 7(b),
with longer arc predicting a lower peak flux, total flux
and longer half-width as expected. However, the use of
non-physical lengths is not expected to be useful because
any deviations from the real dimension of the arc will result
in error in the calculated heat flux. Hence the development
of the model was undertaken using the actual arc length of
23 mm (distance of the gap between the two electrodes, as
is shown in Fig. 4 for the present metal halide lamp.

4.2. Concentric multilayer arc model based on measurement

Hence we next consider the alternative concentric multi-
layer model, in which a series of concentric layers are strat-
ified based on the energy distribution of the real arc as is
shown in Fig. 8, and their sum provides a reasonable
step-wise approximation of the actual profile. The profile in
Fig. 8 was averaged from radial profiles at y =0-11 mm
in Fig. 4(a). The dimension superimposed on the profile
is the width of the contours /= 600, 400, 200 and 100
respectively. Due to the complexity of the shape of the
arc, three alternative shapes of layer were assessed: namely
coaxial cylinders, concentric monopole spheres and
concentric dipole spheres, as is shown in Table 3. The
case of coaxial cylinders was chosen because it can be seen
from Fig. 4(a) and (b) that, the shape of some of the
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Fig. 9. Measured heat flux profile at y =0 of Fig. 6 compared with
simulated heat flux profiles from an arc model of coaxial cylinders,
concentric monopole spheres and concentric dipole spheres, respectively.
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contours is approximately cylindrical. The case of the
sphere was chosen because the outer layers are approxi-
mately elliptical, which can be derived from the sum of a
cylinder and a sphere, while some of the outer-most layers
even approach being spherical directly. The case of the
dipole spheres was considered because Fig. 4 also shows
that the inner layers of the contours tend to be dipole in
profile. The size of each layer was determined by the
dimension of contours as is illustrated in Fig. 4(a), and
the radiant energy of each layer was calculated from the
area covered by each segment of the arc profile in Fig. 8.
The details of the stratification of the arc are shown in
Tables 2-5. In Tables 2-5, the contribution to the average
flux is determined from the average flux from each individ-
ual layer out of that from multiple layers at a target of
240 mm in diameter.

Fig. 9 shows the simulated heat flux profiles from the
three models described in Table 2, compared with the
experimental results. It can be seen that all of the three con-
centric models differ from the experimental data, with the
concentric monopole and dipole spheres resulting in larger
deviations from the measurements than the coaxial cylin-
ders model. This implies that a model of concentric layers
of only one type of shape is unlikely to best simulate the
discharge arc. This is consistent with the observations from
Fig. 4, which shows that the contours of the arc exhibit a
compound structure. For this reason, we also consider
the concentric layers of compound shapes.

Three types of shape compounds were evaluated, as are
shown in Tables 3-5, i.e. one compound of dipole sphere—
cylinders—-monopole spheres, and two different compounds
of cylinders—monopole spheres. An example of one of the
compounds was illustrated in Fig. 10. The difference
between the models presented in Tables 3 and 4 is that,

Fig. 10. Coaxial cylinder and concentric sphere compound model (quarter
section) of the arc to represent the actual profile of the arc. Details of the
multilayer model are presented in Table 3.
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the arc was stratified into multilayers of different diameters,
both based on the radial energy distribution shown in
Fig. 8. It can be seen from Tables 25 that the contribution
to the average flux from each layer is similar, but not
exactly equal to the corresponding radiant power input.
Besides, the contribution to average flux per radiant power
input decreases with the increase of the diameter of the
layer.

Fig. 11(a) presents the calculated heat flux distribution at
the second focal plane of the elliptical reflector for both of
the cylinder—sphere compound models. Fig. 11(b) presents
the differences in heat flux between the cylinder—sphere
compound models and the measurement, normalized by
the local experimental data. It can be seen from Fig. 11(b)
that the simulated flux matches well with the measurement
within an area of 92 x 92 mm in the focal plane, with differ-
ences of no more than 3% in the central area. The differ-
ences on the top left of Fig. 11(b) are increased to 13%
because the profile of the measured heat flux is not exactly
symmetrical, as was discussed related with Fig. 6.

Fig. 12 shows that the simulated results with all the com-
pound models agree reasonably well with the experimental
results, for both the shape of the profiles and the peak flux,
although in terms of half-width, the simulated profiles exhi-
bit a deviation of within 11% from the measured profile.
Fig. 12 also shows that the simulated results of cylinders—
monopole spheres models are insensitive to the way the
arc source is stratified for the presented two models, which
indicates that the use of 9 concentric layers is sufficient for
a compound model to give a reasonable approximation of
the shape and energy distribution of the light source
regardless of the method of stratification.

4.3. Arc model assuming a uniformly radiant volume source

The efficacy of the approach proposed previously to
model the arc as a cylinder that emits radiation with
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Fig. 12. Measured heat flux profile at y =0 of Fig. 6 compared with
simulated heat flux from three compound models of the arc as shown in
Tables 3-5.

uniform energy density throughout its volume (Krueger,
2012; Bader et al., 2015), following a Lambertian-type
angular distribution, was also assessed. For the current
study, the solid volume is approximated as a series of con-
centric cylinders, each as a finite element. Assuming that
the flux within the volume of the arc is a constant C, i.e.:

r-c )
and all the layers are equally spaced, i.e.:

ri=ko-i, (6)
then the energy from layer i is:

Ei—E=C-L-n(r} —r)), (7)

the energy ratio between the ith layer and the first layer ¢; is

IModel1~Imeas. IModel 2=Imeas.
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Fig. 11. (a) Irradiance map on the focal plane simulated with Monte Carlo ray-tracing method. The left side of the irradiance map is from compound
model 1 shown in Table 3, and right hand side of the map is from compound model 2 shown in Table 4. (b) The difference of between the simulated heat

flux and the measurement, relative to the measured local heat flux.
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Fig. 13. (a) The measured heat flux profile compared with the simulated heat flux from models of the arc with uniform energy density and a Lambertian
angular distribution. (b). Normalized line of sight radiation as measured from the arc (blue curve), averaged from y = 0-11 mm in Fig. 4a, and as
calculated with the assumptions of arc with uniform flux distribution per volume, together with that from the multilayer model as is described in Table 5.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(Ei—Ei I) — (r? —f‘?_])
E[ I"%

& =

=2.i—1, (8)

the fraction of energy from the ith layer out of the total
energy of the arc f; is:
& 2.0i—1

T i) ®)

where i =1, 2, 3, ..., n; L is the length of the arc; r; is the
radius of layer 7; E; is the radiant energy contained by the
cylindrical volume with radius #;; n is the number of layers.

This model of an arc with uniform intensity distribution
was assessed for number of layers n = 20, 30, 40 at constant
r,=4mm, and for r,=10, 5, 4, 2.5mm at constant
n = 20. The total arc energy for each case is 4500 W. The
results of these simulations are presented in Fig. 13(a),
together with the experimental measurements. It can be
seen that, while it is possible to identify a distribution that
exhibits reasonable accuracy in the central region of the
focal plane, the data in the outer half of the focal plane falls
outside of the error bars. Besides, the predicted heat flux
depends strongly on the assumed number of layers and
the arc diameter. That is, for a given assumed diameter
of the arc, an increase in the number of layers leads to a
lower peak heat flux. Hence the peak heat flux from an
ideal cylindrical volume, with an infinite number of layers,
will be even lower than that from the 40 layer case reported
here. Furthermore, the results from this modelling
approach are also sensitive to the assumed diameter of
the cylindrical volume, with a smaller assumed diameter
resulting in a higher peak flux. The sensitivity of the
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assumed arc diameter is shown in Fig. 13(b), which pre-
sents the measured and simulated line of sight radiation
emitted from the arc. Since each of these models of the
arc contains the same amount of energy as the measured
arc, the area under the measured profile of the arc (blue
curve) is the same with that under the other curves. The
maximum diameter (20 mm) was based on the dimension
needed to capture 95% of the energy within the measured
arc profile, which is plausible. It can be seen that this case
yields poor agreement with both the measurement for the
concentrated flux (Fig. 13(a)), and with the measurement
for the line of sight radiation from the arc (Fig. 13(b)).
The optimal diameter with this model is somewhere
between 5 and 10 mm (Fig. 13(a)). Nevertheless, none of
the cases calculated with the assumption of uniform flux
provides a good match with the arc profile (Fig. 13(b)).
In contrast, the multilayer model assuming non-uniform
flux distribution of the arc provides a very good match with
the measured line-of sight arc intensity (Fig. 13(b)), which
explains its better agreement with the measured concen-
trated flux (Fig. 12).

5. Conclusions

A single-cylinder model of the arc from the metal halide
lamps, whose arc length is 23 mm, is too simplistic to pro-
vide reliable calculations of heat flux from a solar simula-
tor. That is, even with the best case, which corresponds
to an assumed arc diameter of 11 mm diameter, the pre-
dicted peak flux is 4.5% lower and the half-with is 52%
greater than the measured values. Hence a more complex
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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 cal-
culated flux falls outside the error bars towards the outer
half of the focal zone. In addition, the calculated flux is sen-
sitive 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 mea-
sured 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, it neverthe-
less also 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 cylin-
ders and monopole 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 diam-
eter. In addition, when the concentric layers are spaced suf-
ficiently closely to resolve the profile of the arc, which here
corresponds to 9 layers, the simulated results become insen-
sitive to the way in which the arc source is stratified.

The measured lamp-to-lamp variation in the mean radi-
ant 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.
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Abstract

The time-resolved spectra of the irradiation emitted from solar simulators employing the two types of high-intensity discharge arc
lamps that are commonly used in solar simulators, i.e. metal halide (here 6 kW) and xenon arc (here 5 kW) lamps, are reported. The
lamp emission was recorded by a fast-response photodiode, which reveals that the amplitude of oscillating irradiation intensity from
the metal halide lamp is approximately 60% of the peak intensity, while its oscillation frequency is twice of the frequency of the AC
power supply, here 100 Hz. The irradiation of the xenon arc lamp is powered by a modulated DC supply to oscillate at 300 Hz, with
an amplitude that is found to be only approximately 9% that of the peak intensity. An intensified CCD camera, which was coupled with
a spectrometer operating in a range of 350-900 nm, was synchronized with the lamp to provide phase-resolved spectra. The irradiation
from the xenon arc lamp was found to be spectrally stable with time; while that from the metal halide lamp varies significantly through-
out oscillation cycle, especially at the shorter-wavelengths of below 550 nm. All spectra were calibrated to reveal that the time-averaged
spectrum of the simulator with a metal halide lamp matches the solar spectrum significantly better than does that from a xenon arc lamp.
The reflecting surface of polished ellipsoidal reflector was found to reduce the intensity of selected frequency bands by up to 10%, while
that from both the polished ellipsoidal reflector and conical concentrator was found to reduce the intensity in selected frequency bands by
up to 20%.
© 2015 Elsevier Ltd. All rights reserved.

Keywords: Spectra; Time-resolved; Metal halide lamp; Xenon arc lamp; Solar simulator

1. Introduction

Various high powered solar simulators employing elec-
trically powered lamps have been reported in the literature,
all aiming to simulate the intensity and spectrum of the
radiation from solar concentrators (e.g. from a heliostat
field or parabolic dish) (Petrasch et al., 2007; Alxneit and

* Corresponding author at: School of Chemical Engineering, The
University of Adelaide, SA 5005, Australia.
E-mail address: xue.dong@adelaide.edu.au (X. Dong).

http://dx.doi.org/10.1016/j.solener.2015.03.017
0038-092X/© 2015 Elsevier Ltd. All rights reserved.

Dibowski, 2011; Craig, 2010; Krueger, 2012; Ekman,
2014; Codd et al., 2010; Turner and Ash, 1994; Li et al.,
2011). Electrical solar simulators can provide high-flux,
broad-band radiation in the visible spectrum that offer
the advantages for research over concentrators of real solar
radiation of repeatable performance and avoiding the need
to accommodate the variability of real solar radiation.
However, they suffer from the disadvantages that their
spectrum differs somewhat from that of the real solar
resource. Nevertheless, while this trend is known, no
detailed assessment of their spectral differences has been
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reported previously. Hence the overall aim of the present
paper is to meet this need.

Table 1 presents the key specifications and capacity for
all high-flux solar simulators that have been reported in
the public domain. It can be seen that only two types of
lamp have been used in high flux solar simulators, which
are the metal halide and xenon arc lamps. The major char-
acteristics 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; the length
of the arc, which impacts on the final concentration ratio,
and their radiant spectrum. The xenon arc bulbs are highly
pressurized, making them vulnerable to explosion (Hight
performance short arc Xenon lamp solutions, 2008).
However, the metal halide lamp is less vulnerable to explo-
sion because of their secondary containment bulb that pre-
vents hot pieces of debris from propagating into the
working environment or impacting on other lamps, even
though they are also pressurized. This virtually eliminates
the explosion risks to which xenon arc lamps are vulnerable
(OSRAM. 2011). On the other hand, the xenon arc lamp
has a shorter arc than does the metal halide lamp. This is
desirable because the original dimension of the arc is mag-
nified 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 (Dong et al., 2013). Nevertheless, while
both types of lamp offer different advantages and disadvan-
tages, gaps remain in the understanding of their relative
merits, which justifies further investigation.

The time-averaged spectra of these two types of lamp
have been compared by Krueger (2012) based on measure-
ments reported by their respective manufacturers (Xenon
lamp, 2008; OSRAM, 2011). Krueger identified that the
differences between the spectra from lamp and the solar
spectrum at the site of Air Mass 1.5 (defined as the secant
of the angle between the zenith and the sun) (Gueymard
et al.,, 2002) are less for the metal halide lamp than for
the xenon arc lamp (Krueger, 2012). However, these mea-
surements 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 compar-
ison of the spectra of these lamps either with each other or
with a real solar spectrum has been reported using the same
instruments and techniques. Such a direct comparison is
important because every spectrometer has its specific quan-
tum efficiency at each wavelength. This makes it difficult to
reliably compare spectra measured with different spec-
trometers, even with the response corrected, because the
correction method may vary (Williams et al., 1983).
Furthermore, no details of the temporal variations in spec-
tra are available, even though the output from these lamps
is known to fluctuate at a frequency related to that of the
AC power supply (OSRAM, 2011; Osram, xxxx). These
fluctuations can be significant in some applications even
though they may be less so in receivers involving indirect
heat transfer, e.g. through tubes, or where the residence

time of the reactants is long compared with these oscilla-
tions, such as for the Redox reactors with residence time
of 8s (Furler et al., 2012) and 34 s (Chueh et al., 2010),
respectively. In contrast, they can be significant where gas
phase reactions occur with species that are spectrally
absorbing in the visible spectra, particularly where the
flows are turbulent so that mixing time scales are of the
order of milliseconds, and/or in reactors with short resi-
dence time. One such example is in solar driven steam-gasi-
fication reactors, which involve the spectrally active gas
phase reactants of CO, CO, and H,O (Burch et al., 1969)
and residence time of the order of 1s (Z'graggen et al.,
2006). Another example is the recently developed concept
of a hybrid solar receiver and combustor, in which a turbu-
lent flame is directly irradiated by concentrated solar radia-
tion during periods of moderate solar flux (Nathan et al.,
2014). The residence time of a turbulent mixing flames in
a typical combustor is also of the order of milliseconds
and, in a laboratory-scale flame, the total residence time
is in the range of 10-30 ms (Mungal et al.. 1991). Because
knowledge of the time-resolved spectrum is important in
such applications, the aim of the present paper is to meet
the need for time-resolved measurements of the spectral
variations in metal halide and xenon arc lamps, as mea-
sured before and after concentration from the optical sys-
tem of a high flux solar simulator.

Finally, the influence of the reflecting surface used to
concentrate the radiation is yet to be reported. 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 (Krueger,
2012). However, any reflecting surface has its own specific
spectral reflectivity (Bartl and Baranek, 2004; Karlsson and
Ribbing, 1982). Furthermore, the reflectors for solar sim-
ulators are typically manufactured from highly polished
aluminum owing to their ellipsoidal shape, the reflective
properties of which can be expected to influence the spec-
trum more significantly than would occur with the use of
perfect mirror. For these reasons it is important to quantify
its influence on the spectrum of the concentrated light, even
if it is small. Hence the final aim if the paper is to investi-
gate the influence of a concentrator typical of those
employed in solar simulators on the spectrum from the
lamp.

2. Methodology
2.1. Solar simulators

Both types of solar simulator, one with a metal halide
and one with a xenon arc lamp, were investigated in the
current study. The metal halide lamp was a 6 kW long
arc Osram HMI 6000 device, with a 50 Hz AC power sup-
ply; while the xenon arc lamp was a 5 kW short arc Osram
XBO 5000 W/HBM OFR unit, employing a DC power
supply converted from a 3 phase AC power supply using
an AC-DC rectifier. Both lamps were close-coupled with
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Table 1

615

Details of the high-flux solar simulators reported previously utilizing an array of lamps, together with polished aluminum as reflectors.

Solar simulator Lamp  Concentrator Electrical Number  Maximum Average radiant flux ~ Radiant power in

type power (kW/  of lamps  radiant flux on target of 60 mm the focal area (kW)
lamp) (MW/m?) dia. (MW/m?)

Petrasch et al. (2007) Xenon  Ellipsoidal 15 10 11 6.8 50
arc

Krueger (2012) Xenon  Ellipsoidal 6.5 7 7.3+ 0.89 3.244+0.39 9.20
arc

Ekman (2014) Metal Ellipsoidal 6 7
halide

Codd et al. (2010) Metal Ellipsoidal + conical 1.5 7 0.06 4.5 5.1
halide

Craig (2010) Xenon  Ellipsoidal 5 1 10 4
arc

Alxneit and Dibowski Xenon  Ellipsoidal 6 10

(2011) arc

Li et al. (2011) Xenon  Ellipsoidal 7 12¢ 4.27 (0.356 per 12.55
arc lamp)

Kuhn and Hunt (1991) Xenon  Ellipsoidal 23/30 1 16
arc

Sarwar et al. (2014) Xenon  Ellipsoidal 7 1 3.58 0.1 1.64
arc

Current design 1 Metal  Ellipsoidal + conical 6 1 0.7 0.1 1.2
halide

Current design 2° Metal Ellipsoidal + conical 6 7 2.8 1.6 18
halide

# Lietal (2011) designed a simulator with 12 lamps, although experimental results were only reported for a single lamp.
® Design 2 is currently under construction, Hence for the present paper the heat flux has been estimated using a ray tracing model, which was validated

by the experimental results from design 1.

an ellipsoidal reflector. That for the metal halide lamp was
made from polished aluminum with a 3000 mm focal
length, and physical vapour deposition (PVD) coated with
alumina and silica; while that for the xenon arc lamp was
made from polished aluminum with a 650 mm focal length
(Craig, 2010). The concentrator for the metal halide lamp
was co-aligned with an additional conical secondary con-
centrator made of polished stainless steel to further concen-
trate the radiation before reaching the focal point, as
shown in Fig. 1. However, no secondary concentrator
was employed for the xenon arc lamp (Craig, 2010).

2.2. Spectral measurement of solar simulator

Fig. | presents the experimental arrangement used to
measure the spectrum from the metal halide simulator.
The arrangement for the xenon arc lamp was similar,
except that no secondary concentrator was used. The oscil-
lating cycle of the radiation from both lamps was captured
using a photodiode (DET210) with a broadband spectral
response from 200 to 1100 nm and recorded using an oscil-
loscope. Light was collected through an optical fiber with a
quartz collimator, and delivered to a spectrometer, which is
combined with an intensified CCD camera. The numerical
aperture (NA) of the optical fiber probe was 0.22. The sen-
sitive spectral range of this detection system is 350-900 nm.
The probe was mounted at a distance of 0.5m from the
focal plane of the metal halide lamp and about 1.5 m from
the focal point of the solar simulator for the case of xenon

arc lamp, with the sensor oriented toward the incident
simulated solar radiation for both cases. The reference
solar spectrum was measured in Adelaide, by reflecting
the sunlight to the fiber probe using an optical diffuse
reflector with a flat spectral response within the range of
350-900 nm.

The photodiode was positioned outside the field of con-
centrated light and aligned normal to the principal axis of
the focused light from the metal halide lamp to provide an
external trigger for a DGS535 signal generator, whose out-
put was then used to trigger the spectrometer. Twenty-four
phased-resolved spectral measurements, each accumulated
from 50 measurements with a gate width of 0.5 ms, were
collected over the 12 ms cycle. For the xenon arc lamp,
an internal trigger was used to trigger the spectrometer,
because the amplitude of oscillation is too weak to be exter-
nally triggered. In this way, the spectral measurement was
performed over 250 consecutive frames. The measured
spectral range of 350-900 nm was obtained by combining
data from 5 spectral ranges, each of 175 nm.

The relative spectral response of the spectrometer was
calibrated by comparing the measured solar spectrum with
the Air Mass [.5 (direct normal) reference spectrum
reported by Gueymard et al. (2002) as is shown in
Fig. 2a, from which a response curve of the spectrometer
was acquired as is shown in Fig. 2b. (Note that small differ-
ences between the standard atmospheric condition and
those in Adelaide do not affect the evaluation of relative
differences between the spectral distributions of different
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Lamp coupled with
elliptical reflector

Secondary

Concentrator
Optical fiber
probe

Fig. 1. Schematic diagram of the experimental arrangement, shown here
with the secondary conical concentrator employed with the metal halide
lamp.

configurations, even though their absolute values will differ
slightly.) This response curve was applied to all the results
measured with our spectrometer to obtain the corrected
spectra. The direct normal solar spectrum (Gueymard
et al., 2002) was used as the reference because the direct
normal beam was also the component utilized in the spec-
tra measurement of the solar simulators. It can also be seen
from Fig. 2a that the sensitivity of the present detector falls
sharply with wavelength through the visible spectrum,
which presents data from being reported for wavelength
greater than 900 nm.

2.3. Comparison of spectra of radiation from pure lamp and
that reflected by concentrators

The spectral measurement was also performed of the
radiation transmitted directly from the metal halide lamp
and compared with that from the ellipsoidal and conical
concentrators, respectively, to assess the influence of the
concentrators on the spectrum. Radiation from the lamp,
the ellipsoidal reflector and the conical concentrator was
reflected from a Lambertian target to the optical fiber
probe, which was then transmitted to a portable
spectrometer (Ocean Optics USB 4000). The Lambertian

a
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S 08 —— Reference solar spectrum [12]
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E 0.6
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= 04
[
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177) 0.
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target was a square, water cooled aluminum panel of
250 mm x 250 mm in size, plasma coated with alumina,
similar to those used by other groups (Petrasch et al.,
2007; Krueger, 2012). This was used to provide a repeat-
able spectrum viewed from any angle relative to the target.
Although the Lambertian surface itself has its own spectral
reflectance, this spectral effect contributes equally to all
measurements, so that the comparison of the relative spec-
tral irradiance reflected by Lambertian target is valid.

3. Results and discussion
3.1. Oscillation cycle of the solar simulators

Fig. 3 presents the time resolved intensity from the two
types of lamp. This shows that the frequency of the oscilla-
tion of the radiant intensity from metal halide lamp is
100 Hz, which is twice the frequency of the AC power sup-
ply, while that of xenon arc lamp is around 300 Hz. It can
also be seen that the amplitude of the oscillation of the
radiation intensity from metal halide lamp is about 60%
of its peak value, while that of xenon arc lamp is around
9%. Hence, while the xenon arc lamp offers the advantage
over the metal halide lamp in providing a steadier output,
neither lamp achieves a truly steady-state output. The dif-
ference in the amplitude of fluctuations in radiation inten-
sity can be attributed to the difference in the type of power
supply. While the metal halide lamp employs AC power,
the xenon arc lamp uses a DC power supply from an
AC-DC rectifier. Hence, the frequency and amplitude of
fluctuations from the metal halide lamp depends on the
quality of the AC-power supply. Similarly, that from the
xenon arc lamp depends on the type and performance of
the AC-DC rectifier. Furthermore, the time-varying per-
formance of the lamp array will also be dependant on the
configuration of the power supply to the lamp array. For
example, if the various phases in the power supply to each
lamp of a lamp array is suitably staggered, the amplitude of
variation of their combined beams will be offset, resulting
in a flatter output than for the single lamp case.

b)

08
0.6

0.4

Response (mear./ref.)

0.2

400 500 800 700 800 900
Wavelength (nm)

Fig. 2. (a) Measured and reference solar spectrum, arbitrary units (a.u.) for y-axis; (b) response of the spectrometer.
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Fig. 3. Normalised radiant intensity from the metal halide and xenon arc
lamps as a function of time.

3.2. Time resolved spectra from the solar simulators

Fig. 4 presents the phase resolved spectra from the solar
simulator with the metal halide lamp. The red shaded curve
in each subfigure represents the time averaged spectrum of
the solar simulator with the metal halide lamp. Here Phase
0 was defined as the spectrum with the weakest intensity.
This shows that the spectrum at Phase 0 has only one
apparent peak at 860 nm, while several other peaks start
to emerge at 365, 440, 540 and 580 nm for a Phase angle
of 0.2n. Additional peaks at 670-770 nm then emerge for
phase angle of 0.4x, after which no significant change in
the distribution of spectral intensity occurs even though
the intensity continues to increase from 0.4z to m. The

—08n
0.5

—06mn
0.5

1]

—04n
0.5

—02n
0.5

Relative spectral irradiance
0! OE
Relative spectral irradiance

n
0.5

]

400 600 800
Wavelength (nm)

Wavelength (nm)

Fig. 4. Phase resolved spectra (blue lines) relative to the time averaged
spectrum (red shaded curve) of the solar simulator with the metal halide
lamp. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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reverse trend is then found to occur over the phase range
from = to 2x .

Fig. 5 presents the temporal evolution of the radiation in
different wavebands over 1 cycle (10 ms) for the metal
halide lamp. It can be seen that the radiant intensity varies
through the cycle of the arc, and the magnitude of varia-
tion is dependent on the wavelength ranges. The intensity
of the spectral radiation within 700-900 nm is found to
double from the trough to the peak, while that in the range
550-700 nm is found to triple and that in the range 400—
550 nm is found to increase by 6 times. Although light of
wavelengths <400 nm exhibits the strongest variation
within a cycle, it accounts for a relatively small part of
the total radiation. It can also been seen that light in the
range 400-700 nm dominates the broadband radiation
from the solar simulator with the metal halide lamp.

The time resolved spectrum from the solar simulator
with the xenon arc lamp is presented in Fig. 6a. This was
obtained by setting the sampling frequency to be asyn-
chronous with the lamp fluctuation frequency by recording
500 spectra over 50.83 s, i.e. at a frequency of 9.8367 Hz.
When converted to phase-time, this leads to about 10 rea-
lisations of the 300 Hz fluctuation frequency of the xenon
arc solar simulator, which can then be phase-shifted to
yield a phase-average spectrum of one cycle as is presented
in Fig. 6a. It can be seen from Fig. 6a that the spectrum of
the concentrated radiation from the solar simulator with
the xenon arc lamp is quite stable. This is attributed to
its use of a DC power supply as was discussed with regard
to Fig. 3. Also as shown in Fig. 3, the fluctuation in inten-
sity of the broadband radiation from the xenon arc lamp is
about 9% relative to its peak value, a similar magnitude of
fluctuation was also found for each of the narrowband
spectral ranges, as is shown in Fig. 6b. In contrast to the
radiation from the metal halide lamp, that from the xenon
arc lamp is dominated by the spectral range of 700-900 nm,
with a significant contribution from the range 400-700 nm.

less than 400 nm

——400-550 nm

) 550-700 nm
——700-900 nm

n2 4

32n

Fig. 5. Phase resolved light intensity of different wave bands of the
concentrated light from the metal halide lamp.
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Fig. 7a presents the time-averaged solar spectrum mea-
sured in Adelaide, calibrated to match that reported by
Gueymard et al. (2002), hereafter referred to as Adelaide/
Gueymard solar spectrum. Also presented is the concen-
trated radiation from the metal halide and xenon arc
lamps. It can be seen that the time averaged spectrum of
metal halide lamp matches that of the Adelaide/
Gueymard solar spectrum significantly better than does
the xenon arc lamp, mainly due to the strong radiation
peaks in the 800-900 nm range from xenon arc lamp.
Fig. 7b shows the spectrally resolved deviation factor by
which the intensity from each of the lamps differs from
the solar spectrum. This is defined as (Ziump — Lsun)/Lyuns
where I, and Ij,,, are the spectral irradiance of the sun
and solar simulators, respectively. Fig. 7b shows that the
deviation factor for the spectrum from metal halide lamp
occurs at peaks centered at approximately 365, 435, 545,
580, 765 and 855 nm, and all have values of (Ziump — Lun)/
I, <2; In contrast, the spectral irradiance of xenon arc
lamp is constantly lower than that of the solar spectrum
over the range 350-700 nm, yet is significantly higher over
the range 760-900 nm, with  (Zump — L)/ Lsun  ~7.
Furthermore, the integrated value of the modulus of the

(a)7
—0
6 /2
n
5
=]
<4
2
(7]
5 I
=

400 500 600 700 800 900
Wavelength (nm)

less than 400 nm
400-550 nm
550-700 nm
700-900 nm

(b) w2

3n/2

Fig. 6. (a) Spectra of xenon arc lamp at phase 0, 7/2 and =; and (b) phase-
resolved intensity (a.u.) in four spectral bands integrated from (a).

900nm
! o 1amp=Lsun)/Lsund;

deviation g = —0.0126 for the metal halide

lamp, 3.4 times lower than the corresponding value of
0.0434 for the xenon arc lamp.

Fig. 7 also reports the manufacturers’ spectra over the
range 300-1600 nm. This shows that, while their data
agrees well with the present measurement for the metal
halide lamp, that of xenon arc lamp exhibits some differ-
ences from the current measurement. In particular, over
the range 350 <4 <700 nm, the manufacturer’s spectra
for the xenon arc lamp reports a better agreement with
the solar spectrum than does the present measurement,
relative to which it is higher by an average value of 54%.
Nevertheless, importantly, both measurements report the
large energy spike in the range 750-900 nm for the xenon
arc lamp, for which the total energy content in this range
agrees to within 9.4%, although the peak value is different
by a factor of 2.1. These differences in details in the

(@) 7 — Adelaide Sun
8 — HMI 6000
XBO 5000

5 ——— XBO 6500 [4]

—— HMI 4000 [25]

Spectral irradiance (a.u.)
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Fig. 7. (a) Measured time averaged spectra of the sun (Adelaide/
Gueymard) and of the two solar simulators (with metal halide HMI
6000 and xenon arc XBO 5000), as well as the spectra of XBO 6500
(Krueger, 2012) and HMI 4000 (Technology and Application, xxxx)
reported by the manufacturer; and (b) the spectrally resolved deviation
factor of the lamps from the solar spectrum.
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Fig. 8. (a) Time averaged spectra of the radiation from metal halide lamp, and that reflected by the ellipsoidal reflector and by the combination of the
ellipsoidal reflector and conical concentrator, (raw data, i.e. without calibration). The radiation was measured after reflection by the Lambertian surface
for all cases; and (b) the deviation of the spectra from the reflectors relative to that of the pure metal halide lamp, (I — I,‘,,,,,,),’I,‘,,,,,,, derived from (a).

measured spectra have many potential causes that include
differences in AC power quality, in lamp manufacture
and in the measurement techniques. However, such differ-
ences are second order relative to the differences in the
lamp type.

Given that only about 70% of the energy in the solar
spectrum is within the visible range, it is also important
to consider the energy in the near-infrared range. This
can be done to a limited extent from the available data
from the manufacturers (Krueger, 2012; Technology and
Application, xxxx) which extends to 1600 nm for both the
metal halide and xenon arc lamps Fig. 7a. These data sug-
gest that the spectral radiant intensity of xenon arc lamp in
the near infra-red is generally higher than the solar
spectrum by a factor of about 2, which is similar to the fac-
tor by which the metal halide lamp is lower than the solar
spectrum. Nevertheless, the spectrum of the metal halide
lamp at around 900 nm is higher than the solar spectrum
by a factor of about 2, which is consistent with our mea-
surement. More comprehensive measurements in the near
infra-red are desirable, but are beyond the scope of the pre-
sent investigation.

3.3. Influence of reflectors and concentrators on the spectra
from lamps

Fig. 8 presents the influence of the ellipsoidal reflector
and the conical concentrator on the spectrum of pure metal
halide lamp. While the differences are not large, as can be
seen from the direct comparison of spectra shown in
Fig. 8a, it is also non-negligible in certain spectral bands.
The differences are more apparent in the plot of the spec-
trally resolved deviation factor, defined as (I — L)/
Tiamp» as is shown in Fig. 8b, where it can be seen that devia-
tion of the spectrum from the original is reduced in some
bands by up to 10% and 20%, respectively, for the elliptical
only and for the combination of the elliptical and conical
reflectors. More particularly, the ellipsoidal reflector
decreases relative intensity centered at 420, 550 and
750 nm of the radiation from the metal halide lamp, while
the combination of ellipsoidal reflector and conical
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concentrator reduced the spectra intensity of pure lamp
in the range of 400-800 nm.

4. Conclusions

It was found that the integrated deviation of the time-
averaged spectrum of metal halide lamp from the solar
spectrum is 3.4 times less than from 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 the metal halide lamp (Jigmp — Lon)/ L 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 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 were
found between the present measurements and those of the
manufacturers, 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 inten-
sity of solar simulators has revealed that the radiant inten-
sity from metal halide lamp oscillates at a frequency of
100 Hz, which is twice the frequency of the AC power sup-
ply, 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 radia-
tion intensity is due to the difference in the type of power
supply. Hence too, while the xenon arc lamp offers a stead-
ier 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
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to m, and then reverses over the phase range from = to 2.
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 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.
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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? 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 CO, 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 CO, and H,0) 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 CO, laser radiation at 10.6 um with a fluence of 4 MW/m? 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 LIl and TLAF,
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2.1

respectively. The second aim is to provide new insight into the mechanisms responsible for any

influences thus identified.

2. Methodology
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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Laser beam Elliptical
reflector

ICCD 1

Secondary
concentrator

. /
Tertiary Burner
concentrator

]
Beam Dump

Figure 1. A plan view of the LIl 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 x 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
1600x1200 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? and generating an average flux of 0.27 MW/m? 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.

Heat flux (MW/m?)

(@) (b)

Figure 2. a) Image of the natural luminescence from the C,Hj/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-
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2.3

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% C,H,) at a flowrate of 0.184 standard litres per minute (SLM)

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

Planar LIl 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 LIl 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? which is within the plateau regime to avoid the dependence of the
LIl 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 LIl measurement using long gate width. The
LIl 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 LIl 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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2.4

3.1.

also taken to be used for the background correction. This was later substraced from the LIl 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 f, 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].

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

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

Figure 3 presents images of the spatial distribution of soot volume fraction (f,) for the cases with
and without the irradiation from the solar simulator. It can be seen that f, 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.

67



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

Lamp On Lamp Off ppm
it ———— 18
60 E 60 i
50t ] 50t { (514
412
40} ] 40}
€ 110
£
2 30 30t 1s
T
20t . 20t 6
4
10} ] 10}
2
1 1 1 0 L 1 1 0
-5 0 5 -5 0 5
r (mm) r (mm)

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 f, and temperature as a function of the normalized
HAB, i.e. HABJ/L;, where L; is the flame length. It can be seen that, f, is increased by a factor of ~
1.8 by CSR for HAB/L; > 0.16, and peaks slightly upstream at HAB/L; =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) C,H,—50% N, [36]. However,
while the results reported by Konsur et al. [36] show that the f, 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 f,. 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/L; < 0.19. In addition, while the fuel preheating translates the
position of soot formation upstream, it does not increase the magnitude of the peak f,. Furthermore,
the TLAF measurement shows that the addition of CSR causes the centre line flame temperature to
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increase by 50-100 K at HAB/L; =0.35-0.6. These comparisons are sufficient to show that the
irradiation with solar flux has a more profound influence on f, 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 (dq/dnag >0) and consumption
rate (dq/duas <0) of soot. The inception point is defined as the location where dy%/dyag 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
(HABJ/L; > 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 f, is repeatable to

within 5% as determined from 6 separate measurements.
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Figure 4. a). Profiles of f, 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 C,H,/N, (50%/50%) reported by Konsur et
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al. [36]; and b) the spatial gradient of f, along the centre line from the base to the tip of the flame.

Figure 5 presents the radially integrated f, as a function of HAB, i.e.
2 R
foine = Jy dofy fo- 1" dr (PP, (D)

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.

600

lamp on
lamp off

5007 -~

400

300

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

function of HAB.

Figure 6 presents the radial profiles of f, and T [16] at different flame heights, from
HAB=12 mm to 49 mm. It can be seen that f, 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 f, is consistent with the non-linear
relationship between temperature and f,. 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 f, 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 (A,)
and C,H; calculated by Liu et al. [28] using the DLR mechanism. It can be seen that C,H,and A;
are found mostly at the upstream locations, HAB < 30 mm, while A, 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 (A,), pyrene (A4) and C,H, 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 f,, dx/d;, 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 (d/d, >0) and consumption rate (ds/d, <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.
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Figure 8. Spatial gradients of f, 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/L; =
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 (a,), details of which are provided in
the Appendice 1.

The values of a, as derived from the measurement of Migliorini et al. [39] are shown at 4
HABs in Figure 8 (black circles). The continuous function of a, was estimated from the averaged
values of measured f, at each HAB, assuming that soot controls the absorption of broadband

radiation, as follows

R fodr
RZR ! (3)

a,=C;
where R is the flame edge in the radial direction. C; is a coefficient that represents the line of sight
absorption rate, which depends only on soot volume fraction. This was determined empirically
from Eqgn 3 to be ¢; = 0.00725/ppm, which yields the lowest deviation (o) between the measured
and the calculated a,, with o = 2.3%, where o is defined as the standard deviation of the difference
between the calculated and measured a,. 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 Egn 4,

lint = [ 1y, (4)
where I is the incident radiant flux (kW/m?) 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.

Incident lamp radiation
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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 f, 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.

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:

2 hir, X hit,=Ecsr-Epradiant loss 3)
Here T; is the spatial averaged flame temperature without CSR, which was calculated following
Liu et al. [28], T, is the spatial averaged flame temperature with CSR, which is to be calculated,;
Ecsg i1s the CSR that is absorbed by the flame, which is estimated to be 12 W based on Figure 9;
h; r is the enthalpy of species i in the flame at temperature T for reference state of 298.15 K, as is

defined below:

T
hi,T = f298.15 Cp,i,TdT ' (4)
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cp,i,r 1S the heat capacity of species i at temperature T [40]; the species assessed include CO,, CO,
C,H4, CH,4, C,H,, soot, H,0O, O, and N,, the flow rate of these species was determined by their
spatial averaged concentration within the flame, which was calculated following Liu et al. [28];
Ep radiant 10ss 1S the increased radiant loss due to the increased soot volume, as was determined
from Figure 5.
En radiant 10ss=€0AT* (5)

where ¢ 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 A T,g;; of the flame with
and without CSR is around 107 K. Comparing A T,¢:; With the measured value A Ty, 45 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 C,H, 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 z— z* 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 (S,,,,) reported in the

HITRAN database [46] with molecular number density (N) derived from the work of Liu et al. [28],
the optical path length ( f_RR dx) of the current study and the bandwidth of absorption ( /1’11 2d;). 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/1,) 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 O,, CO, and C,H,
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 H,O, C,H,, A; and A, 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 H,O 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 C,H, being two orders of magnitude lower than soot
absorption, while that of A; and A, 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 f, by
irradiation with CSR (Figures 3 and 4) also provides direct experimental evidence that this process
is strongly coupled. That is, an increase in f, caused by the absorbed irradiation will further
enhance absorption of CSR thus leads to a further increase in f,.

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 O, 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?
causes:

f, to increase by up to 50% at HAB > 30 mm, while the integrated soot volume in the flame is
increased by 55%.

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

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

the consumption rate of soot in the axial direction to increase by 34% at the downstream locations
(HAB/L; > 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%.

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:

The upstream translation of the point of soot inception is attributed to the absorption of
CSR by soot precursors.

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 H,O being one order of
magnitude lower and that of all other species being at least two orders of magnitude lower than
soot absorption.

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.

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.

CSR

Figure Al. Diagrammatic sketch of the light absorption through a cross section of the flame at a
given HAB.
Assuming the absorption « is a function of radial distance 7:
a=f(r)
Assuming light I comes from the x direction, then the absorption by the elements on line OD can

be expressed as follows:

top = f(f.cos(e) adx:foR-cos(G)f(r)dx

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

/2 R-cos(6)
Asemi—area = f dG.f f(r)dy
0

—1/2

Agrea = 2 Asemi—area

For centre line BA, the absorption is:

R
aBA=2-a0A=2-f F)d,
0

Case 1: Assuming the absorption throughout the area is constant, i.e. @« = C
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/2 R-cos(6) /2
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Case 2: Assuming the absorption is linear with the radial distance r, i.e. @« = C — ky7

Xsemi—area

/2 R-cos(0) /2 R-cos(6) x
= d C—kor)d, = d C—ky———o)d
| do| kndi=[ do| € ko s

—-1/2 —-1/2

/2 kORZ kORZ
:f cos(8)(CR — )Ydg =2(CR — > )

—-1/2 2
koR2
Aarea = 2 Asemi-area = 4(CR — )
R kORZ
(ZBAZZ'QOAZZ'J- (C—kox)deZ(CR— )

0

Xarea _ >

29:7]

k0T2

Case 3: Assuming the absorption is parabolic with the radial distance r, i.e.a = C — >

Xsemi—area
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2.1.

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

Absorption by gaseous species

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

cm™*/(molecule cm™) [2]:

_hvmy 9n Ny
Srm' N (- g_mn_n)Bnn' ' )

where h is the Planck constant, c is the speed of light, v is the frequency of radiation, B,,, is the
Einstein coefficient for induced absorption, n,, and n,, are the populations of the lower and upper
states, respectively, g, and g,, 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 (S,,,,) 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 S,
gives the fraction of absorption for a light beam at frequency v 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, N,O, CH,4, O,, O3, CO, and
H,0 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, H,0 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 Oz, whose absorption in the UV range is noticeably high. However,
because there is presumably no O; in the Santoro flame for the current work, the O3 absorption can
be ignored as well. Therefore, H,O is the only molecule of interest for the current assessment of

atmospheric gases.
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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 C,H,, C,H,, A; to A, and PAH etc. Among these gases, the absorption of C,H, 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 H,O, C,H,, A; and an example form of PAH. It can be seen that, at atmospheric
temperature, H,O absorbs infrared radiation ranging from 800-1600 nm [3], C,H, absorbs infrared
radiation ranging from 1000-1600 nm [3, 5], benzene (A,) 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 C,H, A,
and A, 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.
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Figure A3. Spectral line intensity for the H,O [3] and C,H, [5] at 296 K, and that for benzene [6] at
293 K and Agss at room temperature [7, 8]. The spectral line intensity for Ass 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 (S,,,) 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 S,,,, 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 Al. The molecular absorption of solar radiation in the Santoro flame. The total solar energy applied to
the flame is 138W.

Molecule  Overlap between Sy R Fraction of absorption Energy
molecular f_ RN dx absorbed
= -1 -2 A R
rption ban cm™/(molecule cm 2
absorption bands  [em™/( ] ; f f Nelx x S, X dA
and lamp [moleculecm™]  J; ), (W)

spectrum (nm)

H,0 900-1500 6.91x10°% 6.7x10Y 0.0278 0.961
C,H, 1000-1600 1.05x10°% 1.29x10% 0.0081 0.151
A 238-263 3.12x107%° 1.80x10%° 0.0141 0.0005
A, 300-700 3.94x10718" 2.85x10* 0.0045 0.0025

“ The absorption spectrum of A, is assumed to be the same with that of Ay as is shown in Figure A3 The
order of magnitude for the spectral line intensity of A, is assumed to be 108 because it is currently unknown.

It can be seen from the last column of Table Al that the absorption of gas phase species like H,0,
C,H,, A; and A, 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 C,H,, A; and A,, 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 (//1,) 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 (”po < 0.3) with respect to incident light source [10, 11]. Bouguer’s law for

light extinction can be expressed as follows [11]:

~

—=—e —KextL , (5)

where L is the optical path through the flame, K,,; is the extinction coefficient. This can be

expressed as follows:

6mE(m) fy
Kext = 1 ’ (6)
where E(m) is a function of refractive index of soot, f,, is the soot volume fraction, A 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; f, 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.
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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 H,O, which is small but
significant, contributing some 8% to the total energy absorbed by the flame. The contribution of
other gas phase species like O,, CO, and C,H, 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 C,H,, A; and A, 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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flammability limit. However, limited information is available of the global performance of attached,
non-piloted hydrogen-hydrocarbon jet flames under well-defined boundary conditions. Three groups
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1. Introduction

There is growing interest in the use of blended hydrogen and
hydrocarbon gaseous fuels because of their complementary nature.
Hydrogen can be produced from intermittent renewable energy
resources, such as wind and solar, to achieve a near carbon-neutral
energy source. Fossil-derived hydrocarbon fuels are usually avail-
able continuously and at a lower cost, but are non-renewable
and have a high carbon-intensity. Hence it can be desirable to
blend these fuels to lower the carbon-intensity of the blend rela-
tive to fossil fuels, whilst maintaining a continuous supply. In addi-
tion, blending can avoid the need to store hydrogen and reduce the
risk of flashback relative to pure hydrogen [1], which will poten-
tially lower the cost of its use. Furthermore, the addition of hydro-
gen to a hydrocarbon fuel will increase the flame speed and extend
the lean flammability limit [2], which offers the potential to oper-
ate lean combustion technologies closer to the lean limit and
thereby suppress NO, emissions. However, the non-linear nature
of turbulent combustion processes means that it is impossible to
predict the properties of flames from a blended fuel on the basis

* Corresponding author.
E-mail address: xue.dong@adelaide.edu.au (X. Dong).

http://dx.doi.org/10.1016/j.combustflame.2014.11.001

of the flames of the pure components. The addition of hydrogen
to a hydrocarbon fuel also reduces soot generation, thus reducing
flame emissivity. Furthermore, hydrogen has a much higher
molecular diffusivity, which can result in well-known differential
diffusion effects. The combination of these different effects means
that direct measurements of the global properties of flames from
blended fuels are needed.

Although the global performance of blended fuels has been
measured previously as is shown in Table 1, significant gaps
remain. Choudhuri et al. [3] measured a series of turbulent diffu-
sion flames with a Reynolds number of 8,700, while Wu et al. [4]
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 to isolate the chemical effects
due to the addition of H, 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 hydro-
gen volume fraction for flames that are all attached. The previous
measurements of Turns and Myhr [5], were performed with hydro-
carbon fuels surrounded by a hydrogen pilot, which is not the same
as blended fuel, while the measurements of El-Gafour et al. [6]
were limited to natural gas as the hydrocarbon component and

0010-2180/© 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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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 [7,8]. There is there-
fore a need to assess the influence of hydrogen blending on a series
of attached, non-piloted flames at constant strain, spanning the full
range of blend ratios.

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 condi-
tions 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 applica-
tion in turbulent flames [9] means that it is now possible to achieve
this. For example, a series of detailed measurements of soot vol-
ume fraction and temperature have recently been undertaken for
four flames of a particular blend of 40% C;Hs+41% Hy +19% N;
(hereafter referred to as "ENH flames"), carefully chosen to achieve
attached, turbulent flames without a pilot. The first of these mea-
surements are reported by Mahmoud et al. [10], who report joint
statistics of soot volume fraction and flame temperature from
simultaneous measurements of these parameters. There is there-
fore also a need for global measurements of flame radiation and
emissions to be reported for these flames. It is also significant for
such measurements to be performed with both C;H, and natural
gas as the hydrocarbon fuels, since C;Hy4 is the hydrocarbon fuel
whose sooting characteristics are best understood, while natural
gas is the gaseous fuel of greatest practical significance.

In light of the above background, the aim of the current inves-
tigation is to assess the effect of hydrogen blend ratio on the global
performance of non-premixed jet flames under well-defined
conditions and for a data series linked to selected flames for which
detailed, in-flame data are available [10]. In particular, it aims to
assess this influence both with C,H; and natural gas as the
hydrocarbon fuels, with hydrogen wvolume fraction ranging
from 0% to 100% at constant exit strain rate. Since flames with
constant strain rate necessarily results in varying Re, a group of
ENH flames with constant Re were also measured to isolate the
effects of Re.

2. Methodology

The experimental arrangement is shown in Fig. 1. A co-flow bur-
ner providing a low-velocity concentric air jet around a central fuel
jet was used. The co-flowing air jet is of square cross-section
(150 mm x 150 mm) generated by a fan, through flow conditioning
comprising screens in a settling chamber, followed by a smooth
contraction nozzle to form a uniform flow. The fuel jet was supplied
by a straight tube of 385 mm length and aligned to protrude 18 mm
above the top of the air jet. Three fuel nozzles were used of
inner diameter 4.4 mm, 5.8 mm and 8 mm. The relative position of
the flame tip and exhaust hood was adjusted to be constant at
300 mm.

Figure 2 presents the velocity profiles of the fuel jet and co-
flowing air jet, as measured by a hot-wire anemometer at the

burner nozzle level (18 mm above the nozzle of co-flowing air).
The substitution of fuel with air for the measurement of velocity
is based on the assumptions that the flow in the pipe is both iso-
thermal and inert (i.e. that there are no chemical reactions or ther-
mal gradients within the pipe). These assumptions are reasonable
because the temperature of external surface of the fuel pipe was
measured to be about 35 °C for our turbulent flames. It can be seen
that the free-stream velocity of the co-flowing jet of air was 1.1 m/s
in every case, with good flow symmetry. The exit velocity profiles
for the three fuel jet cases are also reported for non-reacting
conditions, measured using air. The time-averaged velocity
U normalized by the central line velocity Uy (hereafter referred
to as mean velocity), and standard deviation of the instantaneous
velocity v’ normalized by time-averaged velocity U (hereafter
referred to as r.m.s velocity) are plotted as a function of r/D, as is
shown in Fig. 2. Also shown in Fig. 2 are the exit mean velocity
profiles in comparison with the measurements of Mi et al. [17], as
well with the power-law profile of - = (1 -2 x )", with n=7 for
fully developed turbulent pipe flow [18]. It can be seen that the
present jet data conforms closely with both previous measurements
and with the theoretical profile, although some differences were
recorded between the exit profiles of the different pipes. The
numerical values of these data are also reported on the ISF website
[19].

The properties and specifications of the natural gas +H,
(hereafter referred to as “NGH flames™), the C;H,+ H> blended
flames (hereafter referred to as “EH flames™), and ENH flames are
presented in Tables 2-4. The composition of the natural gas is
shown in Table 5. Four of the ENH flames, ENH_1, ENH_2, ENH_3
(hereafter referred to as ENH_1-3)and ENH_7, were also chosen
for detailed investigation by laser diagnostics, and are reported
elsewhere by Mahmoud et al. [10], with the numerical values of
the data reported on the ISF website. The conditions selected for
the ENH flames were based on a systematic assessment of the
performance of flames from different blended fuels to achieve as
a high Reynolds number as possible for the limiting case in the
series, whilst maintaining an attached flame.

The flow rates of fuels were measured using ABB rotameters,
calibrated with an ALICAT MC-series mass flow controller to
within +2%. All flow rates were corrected to the standard con-
dition (21.1°C, 101.325kPa). A wide range of flow conditions
were assessed for the blended fuels, with the upper limit deter-
mined by the lift-off velocity of the flame. The hydrogen flow
rate was increased from the minimum necessary to obtain an
attached blended flame to the maximum, which is pure
hydrogen.

The jet exit velocity reported in Tables 2-4 is the bulk mean
value (based on volume flow rate and nozzle area).

2.1. Radiant intensity measurements

A Schmidt-Boelter gauge (manufactured by Medtherm Corpo-
ration) was used as the sensor to measure the total radiation from
the jet diffusion flames, The heat flux sensor is covered with a sap-
phire window to transmit 85% nominal radiation over the range of
0.15-5 microns, with a view angle of 150° [21].

The transducer was positioned at a radial distance of 280 mm
from the vertical (x) axis of the flame and traversed parallel to it
with +0.5 mm precision. Ten thousand samples were collected at
1000 Hz and averaged to obtain the radiative flux at each of 25
equi-spaced heights, starting at the nozzle exit plane (+0.5 mm)
and ending at the flame tip. This was found to be sufficient for sta-
tistical convergence [22]. The measurement uncertainty depends
on the increment of equal spaced sampling, with a smaller
increment leading to a better approximation. However, in our case,
the 25 points was deemed to be sufficient because it resolved
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Table 1
A review of previously reported measurements of hydrogen-hydrocarbon flames.
Source Condition  Jet Coflow air Re Fuel composition Maximum Characteristics presented Pollutant
diameter hydrogen emissions
(mm) volume measured
fraction (%)
[3] Turbulent 1,2.3,3.8, no 8,700 H:+natural gas 35 Flame length, pollutant emission, radiative NO, NO,, CO
jet and 4.5 heat loss fraction, and volumetric soot
diffusion concentration
[6] Turbulent 3.5 0.4 mfs 4000 Hz+natural gas 50 Lift off and blow out, flame length, flame NO, CO, 0,
jet temperature distribution, and pollutant CO,
diffusion emissions
[1], [11],[12] Laminar 2 no 150 Hz + natural gas 100 Flame length, radiative fraction of heat 05, NO, NQ,,
release, pollutant emission C0,C0,, T,
SVF
Hz + propane indices and in-flame profiles of (0, H, OH,
composition PAH,CH,CN)
and temperature
(4] Laminar 2 no 200-  Hg, Hz/CsHs, Ha/ Lift-off, blow-out and blow-off stability
and 8000 CO,, C3Hg and Haf limits
turbulent Ar
[2] Laminar 2.8 Premixed 1300 CH,+H;+0,+air 10 Separately visualize two-dimensional (2-D)
premixed distributions of net OH radical fluorescence
intensities produced from CH4-02-air and
H2-02-air combustion reactions
[13] Laminar 5 0.033 982 LPG+H; 40 Flame length, soot free length fraction NO,, CO,CO;
diffusion (SFLF), and emission level
flames
[14] Laminar Bunsen Premixed 1500 LPG +H, + air 50 Laminar burning speed, flame temperature, NO,
burner impingement heat transfer emission ,
131D CO emission
CH4 + H; + air
[15] Coaxial Rich Hy +air 58.3 NO and NO;
rich-lean  mixture + lean
burner mixture
(5] Turbulent 4,12 no 4000- CH. 67 Flame length, radiant fraction, NO, CO, CO; and
pilot 15,000 emission NO,
flames
CKHX
CZHd
CO/H,
[16] Laminar  Spark- Hz +CHy 30 Cylinder pressure and brake thermal €O, €Oz and
ignition efficiency HC
engine
Current measurement Turbulent 4.4 1.1 967- Hz+natural gas 100 Flame length, pollutant emission, radiative NO, NO,, CO,
and 17,812 Hy + C;Hy heat loss fraction CO,
laminar
diffusion

Hy + CoHy + N3

the profile to within +2%. On this basis, incorporating the 3%
uncertainty of the heat flux gauge, the overall uncertainty of radi-
ant fraction measurement was +5%.

2.2. Flame shape measurement

A tripod mounted camera (Canon EOS 6D) with a pixel array of
3168 x 4752, an A/D conversion of 14 bits and a shutter speed as
high as 1/4000s was used to freeze the transient shape of the
images. The shape of each flame was averaged from 42 images;
The signal to noise ratio (SNR) of each pixel cell is defined by
Eq. (1).

SNR = Hsig (1)
ﬂbg

Here i is the pixel intensity of the signal cell, and p, is the aver-
age pixel intensity of background.

As is shown in Fig. 3, the boundary of flame in each image
is identified by the pixel cell with a SNR greater than 50.
The instantaneous length of the flame from each image was
defined as the distance between the burner nozzle and the most

downstream flamelet, while the width of flame is defined as the
widest part of the flame, following Langman et al. [22]. The flame
dimensions acquired in this way are repeatable to within +3%
uncertainty.

2.3. Global emissions measurement

Global emissions of NO, NO,, CO and CO, were measured
continuously for each flame using a commercially calibrated
Testo 350 flue gas analyzer. A mixture of the combustion products
and ambient air was sampled from the flame tip. The CO,
concentration was measured to calculate the extent of sample
dilution with air. The emission rate of CO was expressed as the
CO/CO,, ratio while the emission indices of oxides of nitrogen are
presented in g/M] fuel. The accuracy of NO and NO, sensors is
+5 ppm (0-99 ppm), and that of CO and CO; is +5% (under
2000 ppm) and 0.3 Vol.% (under 25% CO;) respectively. The NO,
emission in the present measurements is up to 30 ppm, and that
of CO and CO; is up to 250 ppm and 0.07-3.5% respectively. The
resolution of NO, NO, and CO sensors is 1 ppm, and that of CO; is
0.01 Vol.%.
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Fig. 1. Experimental arrangement.
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Fig. 2. Mean (a) and r.m.s (b) velocity profiles of non-reacting flow at x=1mm
above the fuel jet, with central fuel jet diameters of 4.4 mm, 5.8 mm and 8 mm
respectively; Mean velocity also compares with previous measurements of Mi et al.
[17], and the 1/7th power-law profile [18].

3. Results and discussion
3.1. Radiant heat flux

Figure 4a presents the axial heat flux distribution measured at a
radial distance of 280 mm from the nozzle axis. The radiant frac-
tion of the blended fuels was found to decrease with an increase
in the hydrogen volume fraction, which is consistent with the
expected trend that soot concentration decreases with a reduction
in the C/H ratio [ 13]. This shows that the radiation is dominated by
the presence of soot, which proceeds through the stages of incep-
tion, nucleation, growth and oxidation as the fuel is transported
through the flame envelope. Radiation peaks in the range of
0.35 < xp/Lr< 0.5, which typically corresponds approximately to
the region of maximum soot volume fraction [10]. Here x, is the
axial distance to the peak heat flux. Significantly, the value of
Xp/Lgalso increases as the volume fraction of hydrogen is increased.
That is, the presence of hydrogen delays the soot formation and
shifts the radiant peak downstream.

In contrast, the peak heat flux from the flames of 40%
CoHg +41% Hy + 19% Ny (ENH_1-3 and ENH_7), shown in Fig. 4b,
was found further downstream, in the range of 0.5 < x,/Ls < 0.8. This
is due to the presence of N in the fuel mixture, which is also
known to reduce the amount of soot in the flame and hence the
thermal radiation. It can also be seen that x, increases with a
reduction in the exit strain rate, u/d, at constant Re. This is because
a decrease in strain rate corresponds with a reduction in Fr,, and
therefore to a condition more strongly influenced by buoyancy.
The non-dimensional flame length, ¢, defined by Becker and
Yamazaki [20] was also used to quantify the effect of buoyancy.
As is shown in Table 4, all ENH flames are in the range
2 < & < 10, which means these flames are transitional, between
the momentum- and buoyancy-driven regimes. Direct measure-
ment of the effect of buoyancy on the structure of turbulent jet dif-
fusion flames has been reported by Mungal et al. [23], which shows
that the celerity of a combusting structure remains constant along
the majority of the flame length with a value of 12 + 2% of the jet
exit velocity. This implies that the celerity is lower for buoyancy
dominated flame than for a flame dominated by momentum [24].
They also noted a greater tendency of the flame-tip to separate
under momentum-dominated than under buoyancy-dominated
conditions [23], which is further evidence of differences in the mix-
ing dynamics between the two regimes. On this basis, this shift in
X, seems to be associated with the transition from the momentum-
dominated to the buoyancy-dominated regimes, although this
influence is only one of many so that an increase of ¢, does not nec-
essarily shift x, downstream for all cases.

3.2. Influence of Re and strain rate on radiant fraction
The radiation fraction y, is defined by the Eq. (2).

v = & ~ 2mR- Jo q"(%)dx @)
T QrF 1 x HHV

where Q; is the total radiated power (kW), Qf is the flame's output
power (kW), R is the radial distance from the nozzle exit to the
transducer, fo" q"(x)dx is the total axi_al radiative flux (kW/m?), m
is the mass flow rate of the fuel, and HHV is the higher heating value
of the fuel [22].

It can be seen from Fig. 5 that, increasing u/d from 2000 to
10,000 s~" at constant Re results in a reduction in y, by approxi-
mately 50%. While this trend is to be expected, no measurements
of this trend have been available previously. Overall, the three data
sets (Re = 8860, Re = 11,900 and Re = 15,200) are consistent with y,
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Table 2

Details of the NGH flames, with a free stream co-flow velocity of 1.1 m/s.
Flame Jet Mean jet exit Total density  Total viscosity Total thermal Natural Haf Strain rate Reynolds Fr. u*/gd
code diameter velocity (m/s) (kg/m?) (kg/m/s) input (kw) gas/mix % mix (#2%)u/d (s')  number

(mm) % Re = pudfv

NGH_01 44 34.69 0.551 9.74E-06 15.44 81.4 186  7.75E+03 8.63E+03 2.79E+04
NGH_02 44 34.79 0.47 9.93E-06 13.76 67.1 329 7.75E+03 7.24E+03 2.81E+04
NGH 03 44 34.28 0378 1.02E-05 11.64 50.9 49.1  7.75 E+03 5.61E+03 2.73E+04
NGH 04 4.4 33.79 0.289 1.04E-05 9.63 35.1 649  7.75 E+03 4.14E+03 2.65E+04
NGH 05 4.4 33.01 0.194 1.04E-05 7.49 18.3 817 7.75E+03 2.71E+03 2.53E+04
NGH_06 4.4 22.76 0.573 9.69E-06 10.44 85.3 147  5.26 E+03 5.92E+03 1.20E+04
NGH_07 44 22.75 0.482 9.90E-06 9.16 69.2 308 5.26 E+03 4.87E+03 1.20E+04
NGH_08 44 2357 0.374 1.02E-05 7.95 50.2 498  5.26 E+03 3.81E+03 1.29E+04
NGH_09 4.4 23.34 0.283 1.04E-05 6.58 34.2 658  5.26 E+03 2.81E+03 1.26E+04
NGH_10 4.4 23.35 0.188 1.04E-05 5.22 17.4 826  5.26 E+03 1.87E+03 1.26E+04

@ Fr.=u’/gd is the exit Froude Number based on cold fuel properties.

Table 3

Details of EH flames, with a free stream co-flow velocity of 1.1 m/s.
Flame  Jet diameter Mean jet exit Total density ~ Total viscosity ~ Total thermal CoHa/ Hyf Strain Rate (#2%) Re number Fro u?/gd
code (mm) velocity (m/s) (kg/m?) (kg/m/s) input (kw) mix% mix% uds ") Re = pud/v
EH 01 44 33.37 0.805 9.95E-06 21.7 65.7 343 7.56E+03 1.19E+04 2.58E+04
EH 02 44 3244 0.614 1.02E-05 16.88 48.1 51.8 7.56E+03 8.59E+03 2.44E+04
EH 03 44 34.25 0.45 1.04E-05 13.99 331 66.9 7.56E+03 6.53E+03 2.72E+04
EH 04 44 3348 0.28 1.04E-05 9.79 17.4 82.6 7.56E+03 3.97E+03 2.60E+04
EH 05 44 32.71 0.09 9.00E-06 5.35 0 100 7.56E+03 1.44E+03 2.48E+04
EH 06 44 47.69 0.794 9.97E-06 30.66 64.7 353 1.11E+04 1.67E+04 5.27E+04
EH _07 44 48.29 0.632 1.02E-05 25.7 49.8 50.2 1.11E+04 1.32E+04 5.41E+04
EH _08 44 49.2 0.455 1.04E-05 20.26 335 66.5 1.11E+04 9.48E+03 5.61E+04
EH _09 44 493 0.282 1.04E-05 14.52 17.7 823 1.11E+04 5.91E+03 5.64E+04
EH_10 44 49.34 0.09 9.00E-06 8.07 0 100 1.11E+04 2.17E+03 5.65E+04
EH_11 44 221 0.787 9.98E-06 14.1 64.1 35.9 5.17E+03 7.67E+03 1.13E+04
EH_12 44 2277 0.631 1.02E-05 12.11 49.8 50.2 5.17E+03 6.21E+03 1.20E+04
EH_13 44 23.25 0.439 1.04E-05 9.33 321 67.9 5.17E+03 4.33E+03 1.25E+04
EH_14 44 2299 0.285 1.04E-05 6.81 17.9 82.1 5.17E+03 2.78E+03 1.23E+04
EH_15 44 2291 0.09 9.00E-06 375 0 100 5.17E+03 1.01E+03 1.22E+04
EH_16 44 15.86 1.178 9.51E-06 15.86 100 0 3.99E+03 9.56E+03 7.14E+03
EH_17 44 16.91 0.885 9.85E-06 16.91 731 26.9 5.45E+03 9.49E+03 1.34E+04
EH_18 44 17.72 0.75 1.00E-05 17.72 G0.7 393 6.57E+03 9.52E+03 1.94E+04
EH_19 44 18.72 0.635 1.02E-05 18.72 50.1 49.9 7.96E+03 9.61E+03 2.85E+04
EH_20 4.4 22,15 0431 1.04E-05 22,15 313 68.7 1.27E+04 1.02E+04 7.28E+04
EH_21 44 238 0379 1.04E-05 238 26.5 735 1.50E+04 1.06E+04 1.01E+05
EH 22 8 13.08 1.178 9.51E-06 39.09 100 0 1.67E+03 1.30E+04 2.18E+03
EH 23 8 13.59 1.022 9.68E-06 35.85 85.6 14.4 1.67E+03 1.15E+04 2.36E+03
EH 24 8 13.56 0.902 9.83E-06 32.09 74.6 254 1.67E+03 9.95E+03 2.34E+03
EH 25 8 13.28 0.621 1.02E-05 23.04 48.8 51.2 1.67E+03 6.47E+03 2.25E+03
EH 26 8 136 0.367 1.04E-05 15.82 25.4 746 1.67E+03 3.83E+03 2.36E+03
EH 27 8 13.44 0.236 1.02E-05 11.67 13.4 86.6 1.67E+03 247E+03 2.30E+03
EH_28 8 13.24 0.09 9.00E-06 7.16 0 100 1.67E+03 1.06E+03 2.23E+03

Table 4

Details of ENH flames, with an exit fuel density of 0.725 kg/m®, an exit fuel viscosity of 1.20 x 10~ kg/m/s, and a free stream co-flow velocity of 1.1 m/s.
Flame  Jet Mean jet exit Total thermal C3H4/mix Ha/mix Strain Rate Re number (#2%)  Fr.u’/gd  Flame length ¢
code Diameter velocity (m/s) input (kW) (£2%) % (£2%) % (£2%) w/d(s™") Re = pudfv Ly (mm)

(mm)

ENH_1 44 56.73 23.88 40 41 1.29E+04 1.52E+04 7.46E+04 667 2.24
ENH 2 58 424 31.49 40 41 7.50E+03 1.52E+04 3.16E+04 825 2.8
ENH 3 8 31.48 43.87 40 41 3.93E+03 1.52E+04 1.26E+04 1050 3.52
ENH 4 44 45.15 19.13 40 41 1.03E+04 1.19E+04 4.73E+04 636 249
ENH_ 5 58 3341 24.57 40 41 5.76E+03 1.19E+04 1.96E+04 785 3.12
ENH 6 8 23.84 34.35 40 41 2.98E+03 1.19E+04 7.25E+03 957 3.84
ENH_7 44 33.69 14.37 40 41 7.50E+03 8.86E+03 2.63E+04 612 291
ENH_8 58 25.35 18.66 40 41 4.37E+03 8.86E+03 1.13E+04 760 3.63
ENH_9 8 17.91 25.05 40 41 2.24E+03 8.86E+03 4.09E+03 850 413

& = g'BL/((po/p..)*u23d*7) is the non-dimensional flame length, used to assess the effect of buoyancy for a flame with visible length L; [20).

Table 5

Composition of natural gas from the supplier.
Composition CsHg i-C4Hyp n-C4Hqg N3 CO, Ethane CH4
Percent by volume % 0.2099 0.0278 0.0399 1.1830 0.5447 1.1048 96.89
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Fig. 3. Instantaneous image of Flame EH_01 (a), and its corresponding pixel intensity contour (b).

showing a clear dependence on strain rate, but no apparent depen-
dence on Re at constant strain rate with the error bars accounted for.

3.3. Influence of hydrogen addition on radiant fraction

Figure 6 presents the dependence of y, on the volume fraction
of hydrogen for the blended ethylene and natural gas flames. Also
presented are the previous measurements by Turns and Myhr [5]
who employed similar fuels, but with the hydrogen introduced
into an annular pilot instead of as a blend. Interestingly, the pres-
ent flames exhibit a consistent trend with those of Turns and Myhr,
in which 7, is found to decrease with the addition of hydrogen. In
addition, the slopes in the two data sets are also similar. However,
there is a significant offset in the values of the two measurements
even with the same flow rate of pure ethylene, with the measured
values of y, being higher for Turns and Myhr's data than for the
present data. This cannot be attributed either to the influence of
u/d or to Re, since the total flow rates of fuel and jet diameters
for the two experiments are quite similar. Rather, the dominant
cause for these differences is expected to be the role of the pilot,
which will inhibit the entrainment of air into the fuel jet near to
the base of the flame. In addition, a further possible contributing
factor to these differences is that the radiant fraction measure-
ments by Turns’ were undertaken with the heat flux measured at
a single point at half of the flame length [5], while the present data
employs a full axial profile of radiant heat flux. Hence, overall, the
present data are considered to be consistent with these previous
measurements.

It can also be seen from Fig. 6 that an increase in u/d results in a
decrease in y, as expected. The increase in strain rate is known to
decrease soot volume fraction, both for laminar flames [26] and
turbulent flames [8]. For EH blended fuels, this dependence of y,
on hydrogen volume fraction (x,) exhibits two distinct regimes.

For blends in which x, is less than about 30%, the flames are ethyl-
ene dominated and the radiation fraction decreases only weakly
with an increase in x,. However, in the hydrogen dominated
regime, i.e. x, > 70%, y, decreases strongly with a further increase
in xy.

An inverse correlation between y, and x, is also found in the
NGH flames, although the absolute values of y, are much lower
than those of the EH flames. Unlike the EH flames, these NGH flames
do not exhibit two distinct regimes, most probably because of the
lower sooting propensity of natural gas relative to ethylene. Since
sooting propensity depends not only on fuel type, but also on the
scale of a flame and on the mixing characteristics of a burner
[27], care should be taken in seeking to extrapolate these data to
other conditions, although the presence of two regimes may well
apply to flames with relatively high sooting propensity.

3.4. Influence of hydrogen addition on flame length

Results from the current study demonstrate that the normalized
flame length decreases with an increase in the H,/mix ratio at con-
stant strain rate, which is consistent with previous studies [1,6]. It
also increases with increasing the Re as was found by Turns and
Myhr [5]. It can be seen from Fig. 7 that the normalized flame length
is comparable to Turns and Myhr's results where the input of fuel is
similar. However, in contrast to their trend, the normalized flame
length of the current EH flames decreases with increasing x,. This
is because flame length is determined mainly by the air-fuel ratio.
While less air is required to burn the same volume of fuel with
the addition of hydrogen in the present flames, more air is required
for Turns and Myhr's [5] flames with the addition of hydrogen,
because their H, was increased at constant hydrocarbon flow rate.
That is, increasing the flow-rate to the hydrogen pilot for Turns
and Myhr's flames [5] increases the flow of combustion products

100



CHAPTER 6 - GLOBAL CHARACTERISTICS OF HYDROGEN-HYDROCARBON BLENDED FLAMES

1332 X. Dong et al./Combustion and Flame 162 (2015) 1326-1335
4 T T T 0.2 T T T - -
—e—Re=15200
—©—  H,/mix=34%, Re=11900 018l —=—Re=11900 ||
351 —E H,/mix=52%, Re=8590 | Re=8860
&~ Hmix=67%, Re=6530 0.16 1
N'g 3r K~ H,/mix=83%, Re=3970 | L % "
= —+— H,/mix=100%, Re=1440 014 II ———e. ]
£ c TN ol
X 250 1 2 e \
S 012 S ]
E g -
:-&' 2 1 W 94 \-i Ry i
o € \f
= S
b L 1 0.08 1
' 3
- 14
5] 0.06 1
x 1F 1
0.04 1
05 4
0.02 1
o1 0.5 0 0.5 1 1.5 2 Y
) YL 2 4 6 8 10 12 14
( ') Strain Rate u/d (10%/s)
a
Fig. 5. Radiant fraction as a function of strain rate at different Re for the present
6 T T T T r v T T ENH flames.
—6— Re=15200, u/d=12900
sl S Re=15200, u/d=7500 E/H with constant CZH4 of 16 L/min [5]

—¥— Re=15200, u/d=3930
~——+— Re=8860, u/d=7500

w S

Radiant heat flux (kW/m?)
N

Fig. 4. Radiant heat flux distribution along the normalized flame length of
ethylene-hydrogen blended flames EH_01-EH_05 (a), and four different conditions
with a fixed blend of ethylene, nitrogen and hydrogen for flames ENH_1-3 and
ENH_7 (b). x is the axial distance above burner. Radiant heat flux was measured at a
radial distance of 280 mm. Symbols are experimental data, dashed lines are
extrapolated profiles in the axial direction following the trend reported by Gore and
Faeth [25]. This assumes an exponential function at both ends of the profile with the
heat flux approaching 0 at x/d = 365 and —136 respectively.

around the hydrocarbon flame, which can be expected to inhibit the
entrainment of oxygen into the hydrocarbon flame, increasing the
flame length.

3.5. Influence of hydrogen addition on global residence time

The global residence time (7) of a flame is calculated using
Eq. (3), following Turns and Myhr [5].

- hW;L/fs

3
3 ,ood2 u )
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Fig. 6. Radiant fraction as a function of molar ratio of hydrogen in the blended fuel

for the present non-piloted EH and NGH flames in a co-flow. Also plotted is the
ethylene and methane flames with hydrogen pilot of Turns and Myhr [5].

Here p;, Wrand Ly are the flame density, width and length, f; is the
mass fraction of the fuel; py is the density of the fuel, d and u are jet
diameter and jet exit velocity of fuel, respectively.
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Figure 8 presents the dependence of 7¢ on x, for the series of
data-sets. It can be seen that this dependence is relatively weak,
although some trends are evident. For the case where x, is
increased at constant exit strain rate, a small increase in hydrogen
volume fraction results in little change in 7¢, although a further
increase results in a shorter flame and a decrease in 7;. However,
there is a slight reverse in the trend where x, approaches 100%
for flames with relatively high strain rate. This is because the
decrease of fuel density exceeds the decrease of flame volume in
this regime. In addition, for the EH flames, a higher jet exit strain
rate leads to a shorter residence time, which indicates that higher
flow velocity of the fuel increases the mixing rate.

The global residence time for current NGH flames corresponds
well with Turns and Myhr's measurement. However, the present
EH flames have a significantly lower residence time than those of
Turns and Myhr's [5]. This is attributable to the same reason
described above for their higher radiant fraction.

3.6. Pollutant emissions
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Emission indices for NO, was calculated using Eq. (4) .

Xnox o (e x MW oy
)

Elnox =
N (Xeo + Xeo, — X0y MW, x HHV[

)

where Xyoy is the mole fraction of NOy, Xco,Xco, are the measured
mole fraction of CO and CO;; xco,,,, is the CO, concentration in
ambient air; n. is the number of carbon atoms per mole of fuel,
MWy, is molecular weight of NO,; MW, and HHV are the molecu-
lar weight and higher heating value of the fuel (M]/kg), respectively.
Note that emission indices for x,=100% were not calculated
because Eq. (4) does not apply to non-carbon fuels. Elyo, (g/M] fuel)
is plotted in Fig. 9 as a function of hydrogen volume fraction.

Consistant with the NO, emissions reported by Turns and Myhr
[5], Fig. 9 shows that the NO, emissions tend to increase with the
hydrogen volume fraction except for where x, < 30%. This is consis-
tent with the hydrogen addition causing the higher heating Value
for fuels. In addition, the overall trend of NO, emission is counter to
the trend for the radiant fraction and hydrogen/mix ratio. That is,
the addition of hydrogen increases the temperature of the flame
for both fuels, although for slightly different reasons. For the case
of ethylene, whose adiabatic flame temperature is only 11 K lower
than for hydrogen, the biggest influence is the decrease in the
radiant fraction. For the case of natural gas, whose adiabatic flame
temperature is 155K less than Hy, this effect is more significant
than the influence on radiant fraction, since natural gas has a lower
sooting propensity than C;H,4. Furthermore, the addition of hydro-
gen also increases the concentration of the radical pool (H, OH, O)
as discussed by Choudhuri et al. [11], which together enhances the
NO formation through the thermal route. In contrast, an increase in
the hydrogen fraction decreases the formation of CH, which
decreases the NO destruction through the Fenimore mechanism
[11]. The net effect of these influences is that the NO emission
increases as hydrogen concentration increases in the fuel mixture
[3].

Figure 10 presents the NO, production rate, as calculated by
normalizing the NO, emission index with 15 as a function of
inverse temperature following the method used by Turns and
Myhr. The non-adiabatic temperature for a stoichiometric mixture
was calculated by incorporating radiant fraction into the NASA
chemical equilibrium code. Consistent both with the results of
Turns and Myhr [5] and Newbold et al. [28], the NO, emission rate
is seen to decrease with the reciprocal of non-adiabatic flame tem-
perature, which is expected, because most of the NO, is formed by
the thermal mechanism. The present data from all the flame
conditions exhibit a comparable level of agreement with the 1/T

Fig. 7. Normalized flame length L/d; of EH and NGH flames compared with Turns
and Myhr's measurement [5]. Refer to Fig. & for legend.

scaling for thermal NO, production derived by Turns and Myhr
|5]. This provides strong evidence for the dominance of the thermal
NO, emission mechanism for these blended fuels.

Figure 10 also shows that the ENH flames exhibit a Re depen-
dence. While flames with Re =8500 and 11,525 show a similar
relationship between NO, emission rate and the reciprocal of flame
temperature, that for Re = 15,000 exhibits a slightly higher NO,
emission rate than the 1/T scaling. These additional dependencies,
together with the significant departures from the 1/T scaling, are to
be expected given the well-known complexity of NO, generation
mechanisms,

The ratio of CO/CO, is plotted as a measure of incomplete
combustion in Fig. 11. It can be seen that the CO/CO, ratio is very
sensitive to the strain rate, with EH flames of lower strain rate

0.2 T r T r

018 1

016 - 1

0.14 - 1

012 1

01r 1

16 (8)

VHZJ {VH2+VCZH4, (%)

Fig. 8. Global residence time tc as a function of hydrogen volume fraction in
blended fuels, compared with Turns and Myhr's [5] results. Refer to Fig. 6 for
legend.
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Fig. 9. NO, emission index, Elyox (g/M] fuel), as a function of hydrogen volume
fraction in the current EH and NGH flames, together with previous measurements of
Turns and Myhr’s [5] E/H flames. Refer to Fig. 6 for legend.

exhibiting a completely different trend from those with a higher
strain rate. The value of CO/CO, is approximately independent of
xy for the low strain rate case, while it increases with x, for the high
strain rate case. This implies that the lower strain rate allows

EH ul/d=11.08x103 s’

EH uild=7.58)(103 s’

EH u]ld=5.17><103 s

EH with constant C2H4 of 16 L/min
% EH u]ld=1.67x103 st

<4 NGH ul/d=7.75><103 s’

O NGH u]/d=5.26><103 s

d[NOY/dt [5]

® ENH1-3 Re=15200
®  ENH4-6 Re=11900
ENH7-9 Re=8860

73

x

[NOXJ/z, [molim®/s]
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0.46 0.48 0.5 0.52

1000/Non-adiabatic flame temperature(1/K)

Fig. 10. The NO, production rate (mole/m? fuel/s) as a function of the inverse non-
adiabatic flame temperature for the EH, NGH and ENH flames, following the time
temperature scaling of Turns and Myhr [5]. The solid line represents the theoretical
NO production rate for the thermal mechanism.

Fig. 11. CO/CO, ratio as a function of hydrogen volume fraction in blended fuels.

sufficient residence time for CO to be oxidized, while for the higher
strain cases, an increase in x, cause a decrease in 7¢. A decrease in
7¢ is known to inhibit the completion of CO oxidation process [29].
Similarly, the apparent discrepancy in the dependence of CO/CO,
ratio on strain for the NGH flames, in which a lower strain rate
results in higher CO/CO; ratio, can be explained by the same phe-
nomenon. It can be seen in Fig. 8 that the NGH flames with a lower
strain rate exhibits a shorter global residence time.

Figure 12 shows that the CO/CO, ratio for ENH flames of con-
stant Re decreases with an increase in the exit strain rate. This is
because increasing strain rate at constant Re results in a decrease
in the input rate of fuel, and hence a reduced carbon input, which
significantly decreases the CO/CO, ratio even though global
residence is shorter for ENH flames with higher strain rate. Besides,
for the same fuel composition, the CO/CO, ratio decreases with an
increase in Re. This is because, as was discussed before, despite the
higher carbon input rate for larger Re, the longer global residence
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Fig. 12. CO/CO, ratio as a function of strain rate for ENH flames.
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time and higher mixing rate of more turbulent flames enhances the
CO oxidation, which results in a lower CO/CO; ratio.

4. Conclusions

This paper has assessed the influence of the blend ratio of
hydrogen-hydrocarbon fuels on the global performance of non-
premixed jet flames and has reported their exit velocity profiles
for non-reacting flows to make them well-defined. The key find-
ings from this work are as follows:

1. 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.

2. 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.

3. The NO, emissions from a flame tends to increase with the
hydrogen fraction in the fuel, pointing to the need for additional
NO, 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 temper-
ature, lower radiant fraction and to the reduction in the CH
radial pool. The NO, production rate scales reasonably well with
the reciprocal of non-adiabatic flame temperature, suggesting
that the NO, emissions are dominated by the thermal
NO, route. For an increase in strain rate at constant
fuel composition, the NO, is controlled by the competing
influences of radiant fraction and global residence time.
Hence thermal NO, control strategies are likely to be most
effective.

4. The CO/CO, 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.
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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 (lamp-
lsun)/lsun 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 7, and
then reverses over the phase range from m to 2 . 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 f, caused by
the absorbed irradiation will further increase f, 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 NO, 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
NO, production rate scales reasonably well with the reciprocal of non-adiabatic
flame temperature, suggesting that the NO, emissions are dominated by the
thermal NO, route. For an increase in strain rate at constant fuel composition, the

NOy 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/CO, 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? within the volume of

100 x 100 x 100 mm®.

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:

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.

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.

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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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.

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.

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.

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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