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This study presents the optical improvement of a high flux solar simulator (HFSS) with controllable flux-spot
capabilities developed for researching solar thermal and thermochemical processes. The HFSS is comprised of
seven 2.5 kWel Xenon arc lamps coupled with ellipsoidal reflectors, a servo-controlled attenuator curtain, and
three-axes linear test bench. Different attenuators were designed and tested in order to identify the best curtain
geometry to improve the HFSS modulation with the lowest possible radiative losses. The optical design improve-
ment was performed with the aid of TracePro, a Monte Carlo ray-tracing software. From simulation results,
radiative peak flux from 1700 to 480 kWm−2 from the focal plane to 300 mm further back was estimated without
curtains. By using the attenuators, flux levels from 1570 to 92 kWm−2 at the focal plane were also estimated. An
experimental validation was achieved with a single lamp-reflector unit obtaining peak flux distributions from
200� 20 kWm−2 to 97� 9.7 kWm−2 from the focal plane to 300 mm behind. Flux modulation from 170
to 1.5 kWm−2 was also measured at the focal plane using a servo-controlled curtain from fully-open slats
(0°) to partially closed (60°). With this attenuator, introduced as the shutter of the system, the use of several
lamps or electronic rectifiers is avoided and the radiative flux is modulated with high resolution in an optome-
chatronical form. © 2019 Optical Society of America

https://doi.org/10.1364/AO.58.002605

1. INTRODUCTION

With the fast development of civilization, energy requirements
to subsist have also increased. This has led to the excessive use
of fossil fuels (oil, natural gas, coal) and consequently the
gradual depletion of the ozone layer [1]. Due to this, scientists
all over the world have been researching and developing tech-
nology to obtain energy from non-conventional sources like the
sun [2]. With the rising price and environmental issues of fossil
fuels, renewable energies have the assignment of providing
clean and cost competitive energy to avoid the dependency
on fossil hydrocarbon resources in the future [3]. One of
the most promising technologies for the exploitation of the
solar resource is concentrating solar power (CSP). This technol-
ogy is based on integrated optical arrays of reflective materials,
geometrically disposed for redirecting solar radiation into a
smaller area; this, in order to increase the energy density of
the sun and to generate a higher level of heat flux. With this

environmentally friendly technology, energy is obtained to
produce thermal power (electricity) and solar fuels [4]. CSP sys-
tems can incorporate technologies for thermal energy storage
and backup systems [5]. These technologies provide a stable en-
ergy supply contributing for better results in energy demands,
even during night and cloudy days [6,7]. This overcomes prob-
lems of hourly dependence and weather conditions, improving
the plant efficiency factor.

CSP systems can be classified in the following: parabolic
trough collector [8], linear Fresnel collector [9], parabolic dish
collector [10], and central receiver [3,11]. All those systems
own a receiver element where the solar radiation is concen-
trated, used to produce superheated steam, hot air [12], or
to heat a work fluid like oil or molten salts [13].

Solar receivers can be catalogued as external receivers, where
the absorber surface more or less equals the aperture surface,
and cavity receivers, where the aperture is not identical to

Research Article Vol. 58, No. 10 / 1 April 2019 / Applied Optics 2605

1559-128X/19/102605-11 Journal © 2019 Optical Society of America

https://orcid.org/0000-0002-9184-3155
https://orcid.org/0000-0002-9184-3155
https://orcid.org/0000-0002-9184-3155
https://orcid.org/0000-0002-8290-7591
https://orcid.org/0000-0002-8290-7591
https://orcid.org/0000-0002-8290-7591
mailto:mipec@cio.mx
mailto:mipec@cio.mx
https://doi.org/10.1364/AO.58.002605
https://crossmark.crossref.org/dialog/?doi=10.1364/AO.58.002605&amp;domain=pdf&amp;date_stamp=2019-03-27


the absorber surfaces [14]. Critical properties of solar
receivers, such as the thermo-radiative properties (absorptance,
emittance) and thermo-physical bulk properties (diffusivity,
effusivity), have an important role on the material’s thermal
performance. Those properties are modified by intense thermal
stress, causing physical–chemical receiver aging [15]. A funda-
mental subject in the research of concentrated solar energy
is the enhancement of receiver efficiency by improving its
optical-thermal performance (which depends on the energy
absorption) and optimal service life [16]. In order to assess
the performance and durability of solar thermal receivers, high
concentrated solar flux tests in continuous and controlled con-
ditions are needed to reproduce accelerated aging and evaluate
their optical performance through all the processes. As a result,
physical–chemical properties of the absorber can be analyzed
and a reliable design can be accomplished.

Solar furnaces are commonly used to carry out experiments
in concentrated solar thermal energy research [17], to calibrate
high flux gauges [18,19], and to conduct experiments in
thermochemical processes [20,21]. The drawback of a solar fur-
nace for carrying out concentrated solar power research is the
solar–weather dependence and hourly constraints, resulting in a
variation of radiative flux and uncontrollable conditions. In
contrast, a high flux solar simulator (HFSS) provides well-
controlled conditions to conduct high concentrated radiative
flux experiments in lab-scale without weather or hourly con-
straints [22]. These facilities have emerged as an essential tool
for testing solar materials and thermochemical experiments. A
HFSS is an optical-thermal device that can offer artificial light
with spectral composition similar to that of the sunlight. The
light source used, typically a Xenon arc lamp, is coupled
with reflective optical materials (reflectivity ∼90%), which

concentrate the light beam radiation into a focal point mim-
icking CSP systems [23]. Xenon lamps in solar simulators
resemble a suitably scaled blackbody spectrum of about
6000 K [24], similar to that of the solar spectrum (5777 K).

Solar simulators can be divided according to the application.
Space solar simulators were developed at the beginning of
the 60s for Earth satellite and spacecraft tests. They utilized
carbon arc and Xenon lamps achieving intensities of about
1500 kWm−2 [25,26]. Solar simulators for solar collector test-
ing are another type of these facilities; e.g., the multiple-lamp
large-scale solar simulator comprised of 28 (1 kWe) mercury
iodide gas discharge lamps that can offer an average irradiance
of 1080 Wm−2 onto a 1220 mm × 2440 mm collector plane
[27]. Pulsed solar simulators have also been characterized for
concentrate photovoltaic cell calibration obtaining ranges from
6 to 1500 kWm−2 by using a single Xenon arc lamp [28].
A HFSS, which consists of a single-LED lamp, has been used
for characterizing of thermal performance and optical proper-
ties of materials [29]. Multi-lamp HFSSs are commonly imple-
mented for thermal performance testing with solar receivers at
high temperatures. The transient performance of an impinging
receiver was studied obtaining an absorber temperature of
960°C [30]. This was performed with the aid of a HFSS com-
prised of 12 Xenon short arc lamps coupled with parabolic
reflectors and a Fresnel lens [31]. The DLR Institute, in Jülich,
Germany, is currently constructing the largest artificial sun
worldwide. This is composed of 149 individually controllable
7 kWe Xenon short arc lamps with an estimate peak flux
of 11 MWm−2. This new HFSS, called SynLight, shall close
a gap between today’s laboratory-scale HFSSs and CSP and
solar chemical demonstration facilities [32,33]. Table 1 shows

Table 1. Overview of the Available HFSSs and Main Features

HFSS Institute Light Source Peak Flux Radiative Power Application

Sandia National Laboratories
Albuquerque USA

4 metal halide
(1.8 kWel per lamp)

1.15 MWm−2 n/a Aging studies of absorber
materials [22]

Paul Scherrer Institute,
Switzerland

10 Xenon arc lamps
(15 kWel per lamp)

11 MWm−2 50 kW Testing advanced high-
temperature materials [23]

KTH Royal Institute of
Technology, Sweden

12 Xenon arc lamps
(7 kWel per lamp)

7.22 MWm−2 19.7 kW Development of solar receivers
[31]

DLR, Synlight, Jülich
Germany

149 Xenon arc lamp
(7 kWel per lamp)

>11 MWm−2

(predicted)
240–300 kW Combustion processes, irradiate

aerospace technology [33]
ETH-Swiss Federal Institute of
Technology

1 Argon arc lamp
(200 kWel)

4.25 MWm−2 75 kW Solar thermal and thermochemical
research [34]

Massachusetts Institute of
Technology

7 metal halide lights
(1.5 kWel per lamp)

60 kWm−2 n/a Molten salt volumetric receiver
testing [35]

University of Minnesota 7 Xenon arc lamps
(6.5 kWel per lamp)

7.3 MWm−2 9.2 kW Prototype solar receivers and
reactors tests [36]

Texas A&M University, Qatar 1 Xenon arc lamp of 7 kWel 3.5 MWm−2 1.6 kW Solar thermal and concentration
photovoltaic systems [37]

IMDEA, Madrid Spain 7 Xenon arc lamp
(6 kWel per lamp)

3.6 MWm−2 14 kW Receivers and solar fuel process
[38]

Swinburne University of
Technology

7 metal halide lamps
(6 kWel per lamp)

3.91 MWm−2 20 kW Research of high temperature
material processes [39]

Swiss Federal Institute of
Technology Lausanne, EPFL

18 Xenon arc lamps
(2.5 kWel per lamp)

21.7� 2 MWm−2 7.5 kW Solar energy studies [40]

North China Electric Power
University

7 Xenon arc lamps
(10 kWel per lamp)

3.91 MWm−2 20 kW Solar thermal and thermochemical
research [41]

Optics Research Center CIO,
México

7 Xenon arc lamps
(2.5 kWel per lamp)

1.7 MWm−2 4.5 kW Solar thermal and thermochemical
research [42]
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HFSSs developed by universities and research institutes, which
have already been presented in publications.

Radiative heat flux distribution experiments are commonly
implemented in order to characterize optically and thermally a
HFSS. A calorimetric experiment has been reported to calculate
the incoming radiative flux of a HSFF in terms of the
absorb temperature, by means of an energy balance assuming
steady-state conditions [35]. A calibrated IR camera and an in-
verse method is another technique to determine the incident
heat flux of these facilities at the focal spot. The flux map is
obtained relating temperature data recorded with the IR camera
and measurements from a Gardon radiometer [43]. The con-
ventional method employed to acquire the flux map is the
camera-target method, which uses a flat Lambertian plate, a
high-resolution camera, and a heat flux gauge [14]. With this
technique, concentrated radiation coming from the lamps on
the target is recorded with the camera, and the gray-scale
intensity of pixels is adjusted to the value of the radiative flux
measured with the flux gauge [40]. In this study, the camera-
target method was implemented in order to obtain the radiative
flux distribution of a single lamp-reflector unit of a HFSS at the
focal point and at different planes behind.

Solar simulators have to provide radiative flux distributions
in a controllable form in a range of intensities in order to adjust
irradiances that are transmitted over a material [29]. Electronic
rectifiers are used to modulate the radiative flux incoming at the
receiver. The drawback with these electronic components is
that the power is modulated directly in the power source.
This could lead to lamp oscillations and instability due to varia-
tion of the electrical input power [44]. The flux resolution qual-
ity offered by rectifiers is also conditioned by the lamp noise
threshold current (80% of the maximum current), in which
the plasma generates noise. This noise could affect considerably
the system design. In order to have a reliable rectifier, which
provides steady-state operating conditions of the lamp, highly
sophisticated electrical circuits must be taken into account
[45,46]. This approach represents a more complex and costly
flux control system, in which complexity and maintenance in-
crease greatly with the number of lamps available. A multi-lamp
HFSS can also adjust the radiative flux by turning on and off
the number of units required. However, if the adjustment of
the radiative flux depends on the number of lamps turned
on, the resolution would be conditioned by the number and
the level of power energy that each lamp can provide. In this
study, the HFSS designed has a mechanism to regulate the
radiative flux and the spot size by means of a mechatronic
attenuator, thus achieving greater radiative flux resolution.
The attenuator curtain is designed and implemented in order
to have a radiative flux shutter which can provide a wide range
of radiative flux levels, and as a consequence, avoiding the use
of electronic rectifiers. With a well controllable flux capability, a
great number of applications can be carried out, e.g., thermal
stress material testing, characterization of thermal performance
in materials, testing of solar reactors for solar fuel production,
testing of solar selective absorber paint coating, among others.

This study presents the optical design improvement of
attenuator curtains as the shutter of the system in order to
enhance the flux modulation capabilities of the HFSS by means

of a powerful Monte Carlo (MC) ray-tracing software.
Estimation of irradiance distributions by modeling of seven
lamp-reflector units together with attenuator designs is re-
ported. This study also presents radiative flux measurements
at the focal plane and at different planes behind the focal point
to vary the spot size and intensity level, and experimental results
of the flux distribution when a flat attenuator curtain is used to
modulate the flux are presented as well. All these experiments
were carried out using a single lamp-reflector unit for detailed
analysis.

2. METHODOLOGY

A. Optical Design
A multi-lamp HFSS is composed of a group of short arc lamps
coupled with truncated ellipsoidal reflectors positioned in such
a form that all ellipsoids share a common focus spot. In this
study, Xenon short arc lamps were chosen as the light source
[40,36] due to the fact that they offer a good approximation to
an ideal point source. The emission spectrum of this type of
lamp is similar to that of the sunlight with an air mass of
1.5 [31]. Ellipsoidal reflectors were selected in order to concen-
trate the radiant energy coming from the lamps onto a receiver.
The ellipse is a closed curve whose focal points are equidistant
from the center along the semi-major axis. Equation (1) shows
the canonical representation of an ellipse with its semi-major
axis (a) and semi-minor axis (b) onto the coordinates x and
y, respectively:

x2

a2
� y2

b2
� 1: (1)

Obeying the geometrical property of an ellipse, each light beam
coming from one of the foci, when it intercepts the reflective
ellipsoidal surface, the light beam should reflect and pass
through the other focus point. As was mentioned in [47],
positioning an arc lamp in one of the foci of the ellipse and
a receiver in the other one will result in a good energy transfer
between both. The energy transfer efficiency η refers to the frac-
tion of radiant energy leaving the light source and the energy
that reaches the target depicted in Eq. (2):

η � Qtg

Qsr
: (2)

In order to achieve good efficiency in the energy exchange and
to reduce radiation losses, certain optical-geometrical parame-
ters need to be taken into account in the design of an ellipsoidal
reflector. As was mentioned in [23], having low eccentricity of
the ellipse, short focal distance, and also large cut diameter and
large truncation angle, major energy transfer can be obtained, at
the expense of having less surface area to reflect more radiant
energy. In this study, a focal length of f � 2000 mm, a trun-
cation angle of α � 55°, an internal truncate radius of
r in � 275 mm, with semimajor and semi-minor axes of a �
1082.25 mm and b � 413.75 mm, respectively, were used
to design the ellipsoidal reflector of the HFSS. A complete tech-
nical report about the parameters used in the design can be
found in [42]. Table 2 shows global parameters used in the
ellipsoidal reflector designed. Figure 1 shows values that were
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used in the design of the reflector and dimensions of the arc
lamp implemented in this work.

The HFSS was designed with seven Xenon arc lamps of
2.5 kWe arranged in a matrix array (Fig. 2) mounted on a vir-
tual sphere with a radius of 1846 mmmeasured from the center
of the sphere to the truncation of the reflector. This array is
formed by three rows in which two lamps were located in
the upper row, two lamps in the lower row, and three lamps
in the middle row. This configuration was selected taking into
account the curtain geometry, which provides modulation of
the radiative flux.

In this work, three different attenuator designs were ana-
lyzed versus the flat design presented in [42]; this, in order
to study the suitable layout that can offer an improvement
in efficiency of the radiative flux modulation with low radiative

losses. The attenuator curtain manufactured [Fig. 3(a)] has a
flat shape with dimensions of 2140 mm in height and
1168 mm in width and counts with 16 slats with thickness,
height, and width of 3 mm, 1200 mm, and 80 mm, respec-
tively. Figure 3(b) shows the curtain number 2 sectioned in
three parts; lateral sections of this curtain form an angle of
20.4° to adjust to the virtual sphere that the lamp-reflector
units form.

Attenuator curtain number 2 has a height of 2471 mm and a
width of 1330 mm; it contains 12 slats and their dimensions are
1500 mm in height and 105 mm in width with a thickness of
3 mm. The curtain number 3 [Fig. 3(c)] has a similar shape
structure as the previous one. The difference between curtains
2 [Fig. 3(b)] and 3 [Fig. 3(c)] is the number of slats used in each
section (seven in curtain 3 for each section) and its width is also
modified to 80.5 mm. This is done in order to observe whether
the number of slats and the space between them has a signifi-
cant influence on the level of concentrated light that is
obstructed. In order to optimize the radiative flux modulation
and to reduce the radiative losses due to the obstruction of the
attenuator, an individual curtain [Fig. 3(d)] for each lamp-
reflector unit was also designed. The attenuator curtain 4 allows

Table 2. Parameters Used in the Design of the
Ellipsoidal Reflector

Name of Parameter Value

Focal distance 2c 2000 mm
Truncation angle α 55°
Internal truncate radius r in 275 mm
Half distance between foci c 1000 mm
Semi-major axis a 1082.25 mm
Semi-minor axis b 413 mm
Height of reflector hrf 274 mm
Eccentricity e 0.918

Fig. 1. (a) Optical design of the truncated ellipsoidal reflector
coupled with an arc lamp and (b) dimensions of the arc lamp used
in the solar simulator design (units in millimeters).

Fig. 2. Layout of the seven-lamp high flux solar simulator formed in
a matrix array.

Fig. 3. Arrays of attenuator curtains designed to regulate the radi-
ative flux in a mechanical form (units in millimeters).

Table 3. Dimensions of the Designed Attenuator
Curtains

Attenuator
Curtain

Structure (mm) Slats (mm)

Height Width Height Width Thickness

1 2140 1168 1200 80 3
2 2470 1330 1500 105 3
3 2470 1330 1500 80.5 3
4 638 620 550 80 3

2608 Vol. 58, No. 10 / 1 April 2019 / Applied Optics Research Article



the variation of the radiative flux in an independent form
without affecting the rest of the lamps. Table 3 shows global
dimensions of curtains.

B. Monte Carlo Ray-Trace Simulations
In the study of radiative transfer, radiative properties varying
with direction and geometry can make analysis using conven-
tional numerical techniques more complex. For those cases,
statistical methods can be used by means of sample techniques.
The accuracy of its prediction depends on the size of the sam-
ple. Methods that use sample techniques are called commonly
MC methods [48,49]. In that sense, problems in thermal ra-
diation can be solved with these methods, due to the fact that
the energy travels in discrete packages along relatively long dis-
tances through a straight path before interacting with matter.
This implies tracing the history of a sample of photons sta-
tistically significant from the emission point to the absorption
point [50]. In the study published in [42], a ray-tracing algo-
rithm was developed using the software MATLAB to analyze
the transfer efficiency and the radiative flux distribution of the
HFSS designed and constructed in that work. In this study, an
MC ray-tracing software was used to improve the optical design
of the HFSS along with the attenuator curtain in order to
enhance the radiative flux modulation. TracePro is a powerful
software in optical design of solid models by using the MC ray-
tracing technique [51]. TracePro keeps the tracking of the
optical flux associated with each beam; it completely explains
absorption, specular reflection, refraction, diffraction, and scat-
ter of light. In this study, the software TracePro was used to
analyze the radiative flux, coming from the lamp-reflector units,
onto a receiver at the focal plane and also at different planes
away from the focus. By using the ray-trace simulations, flux
maps on the focal point of the HFSS were estimated together
with the four curtains designed. As was mentioned before,
Xenon arc lamps are typically modeled as a cylindrical arc
instead of a point source [52]. In order to carry out simulations
in TracePro, the arc lamp was modeled as a cylindrical light
source whose emission is assumed uniformly and diffusely dis-
tributed with a cylinder radius of rcyl � 2 mm and a length of
l cyl � 5.5 mm. Radiative flux in the ray-tracing model varies
depending on the number of rays used in the simulation. In
order to estimate the ray quantity dependence, a ray-trace study
was conducted. Based on these results, the MC ray tracing was
executed for 1 × 106 rays per lamp throughout the model; de-
tails about the ray number study are discussed in Section 3.A.1.
A specular reflectivity factor on the concentrator surface was
configured to that of the standard mirror (94%).

Ray-trace simulations were carried out using each curtain
designed with a complete aperture of the slats parallel to the
normal of the curtain (0°). The whole structure that comprises
the curtain was established as a perfect absorber for simulation
purposes. Full open of the curtain represents 0° in the angular
movement of each curtain slat. Irradiance distributions on a
receiver of 100 mm in diameter were estimated using the cur-
tains from 0° to 70°. The attenuator aperture of 70° was the last
aperture that the concentrated light could reach the target.

Ray-trace simulations were also executed for different planes
behind the focal point. These simulations were made in order
to change the level of radiative flux onto a receiver as well as the

size of the flux spot; in this form, the radiative flux distribution
can be modulated as well. For carrying out these simulations, a
target plane was located at six different positions from the focal
plane f 2 [see Fig. 1(a)] to 300 mm further back in steps of
50 mm. As the target was moved away from the focal plane,
lamp-reflector units were adjusted in position in order to keep
a well-distributed irradiance onto the target. The central lamp
(lamp 1 in Fig. 2) was maintained fixed in all positions of the
target plate. The other lamps were moved from their initial
position (pointing the focal plane f 2) to 816.5 mm separated
of the central lamp. The distance between lamp 1 and lamp 2
(see Fig. 2) was increased in steps of 18 mmwhen the target was
placed 50 mm away from the focal point and so on. Figure 4(a)
shows the distance of lamp 2 with respect to lamp 1 (center) of
708.5 mm when the target is at the focal plane; in the case of
lamp 3, the distance is the same due to symmetry. Figure 4(b)
shows the distance between lamps 1 and 2 when the target is
moved 300 mm behind the focal point.

For lamps in the upper and lower rows, the same distances
are applied due to there is a reference in the middle of the rows
for extra lamps that complete the 3 × 3 matrix array; for this
study, seven lamps are used. Table 4 depicts the distance
between lamps when the target receiver is displaced. All these
displacements were done in the modeling. In each simulation, a
number of rays per lamp of 1 × 106 was used and a specular
reflectivity factor of 94% was selected.

C. Experimental Configuration for Radiative Flux
Validation
In order to obtain a detailed response of the MC ray trace, the
characterization of the central lamp was carried out. The indi-
rect method of flux mapping [14] was implemented by using
a high-resolution camera and a target plate, which diffusely

Fig. 4. (a) Initial range between lamp 2 and lamp 3 with respect
to lamp 1 (center) when the target receiver is at a focal point of
2000 mm; (b) distance between lamps when the target receiver is
located at 300 mm behind the focal point.

Table 4. Increase in Lamp Separation When Target Is
Displaced Away from the Focal Point

Target
displacement
(mm)

0 50 100 150 200 250 300

Lamp
separation
(mm)

708.5 726.5 744.5 762.5 780.5 798.5 816.5
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reflects the concentrated light. With this technique, images of
the target being irradiated were recorded with the camera.
Pixels in the image are related in its intensity level (gray scale)
with the radiative heat flux, previously measured with a heat
flux gauge. In this way, the irradiance distribution on the target
plate is obtained [53]. The processing of recorded images was
performed using the software MATLAB. In this study, the com-
putation of flux maps at the focal plane and at different planes
away from it, in a range from 0 mm (f 2) to 300 mm further
back, was carried out together with a three-axes linear test
bench, having an uncertainty in position of �5 mm.

A water-cooled Gardon–Schmidt–Boelter heat flux gauge by
Hukseflux was used to measure the radiative flux delivered by
the central lamp at the focal plane and at different planes away
from it. This flux gauge presents a standardized calibration ac-
cording to ISO 14934 with calibration traceability to ITS-90.
Its full measurement range is from 200 to 3000 nm, perfectly
covering the spectrum of interest. As was explained in [42] cali-
brated heat flux sensors presenting similar characteristics to that
described in the sensor used in this study are in concordance
with absolute radiometers and calorimeters in a 10% [40]. Due
to that, a 10% error is considered in these experiments. A CR-
300 Datalogger, �0.1% measurement voltage precision from
Campbell Scientific, was employed to measure the output sig-
nal of the Gardon gauge. This sensor works by the principle of
the thermopile that transmits a voltage signal proportional to
the flux intensity on the sensor. In the Datalogger, the voltage
signal coming from the flux gauge is converted to kWm−2

through a calibration factor provided by the manufacturer.
A 304.8 × 304.8 mm steel plate with thickness of 12.7 mm,

covered with a high-temperature resistant white matte commer-
cial paint (923 K), Comex [54], was used as a target plate in
order to record images of the radiative flux spot distributed on
its surface. A temperature test was carried out using a steel plate
covered with a black matte paint (temperature resistant of
923 K) and the outcomes were reported in [42]. The temper-
ature reached was about 754 K (∼480°C); based on these re-
sults, a water-cooling system was omitted from the radiative
flux experiments for the white diffuse target plate. This plate
is assumed as a diffusively reflecting flat target plate. A three-
axes dynamic test bench with positioning error of �5 mm was
used to move the target plane and to take measurements with
the Gardon gauge in different planes. The test bench was
manufactured by Solara Industries S. A. de C. V., the same
company that fabricated the HFSS [42].

A CCD camera, Allied Vision AVT-MK5054, 12-bit depth,
1292 × 964 pixel resolution, was used to record images of the
irradiance distribution on the target plane. The optic used with
the camera was a HR varifocal zoom lens ½ in., and a filter was
also used to attenuate the brightness of the concentrated light.
The camera was placed with its optical axis parallel to the nor-
mal of the target 2120 mm in front of it, avoiding perspective
corrections. Figure 5 shows the experimental configuration to
obtain radiative flux measurements and images to calculate the
flux maps. When flux maps in different planes were calculated,
the attenuator curtain was removed from the experiments and
corrections of perspective on the target plate were avoided. The
sensor cell of the camera has a size of 3.75 × 3.75 μm giving a

target resolution of 0.4 mm at the focal plane. The camera was
configured in monochrome mode with an exposition time of
50 ms at each plane where a flux map was calculated, the
camera was reconfigured, and the lens was adjusted to avoid
distortions.

When the attenuator curtain was implemented, the camera
was placed 1350 mm in front of the focal point forming an
angle of 50°� 3° with the normal of the target plane. Due
to this, a pixel to real coordinates transformation was carried
out by processing the image in MATLAB. The methodology
to relate the projected area to the target area was implemented
as explained in [37,55].

The validation of the radiative flux modulation was per-
formed with the use of curtain 1 [Fig. 3(a)] manufactured
as the initial analysis. This curtain is used for practical purposes
of flux measurement because the central lamp is not signifi-
cantly affected by the form that the curtain let pass through
the slats the concentrated light. Unlike the other lamps, the
central lamp is always pointing with its optical axis parallel to
the normal of curtain 1. The curtain was located 1000 mm in
front of the focal plane; measurements were taken with an aper-
ture from 0° to 60° with an error of �2° with steps in mea-
surements each 5° in the angular movement of the slats. In
the experimental configuration, the CCD camera is located at
one side of the curtain forming an angle with the normal of the
target of 50°� 3°. Flux measurements were made in a span of
20 min in order for the lamp to reach its steady state.

To calculate flux maps of the radiative flux on the target
plate, a total of 30 images per measurement were recorded,
averaged, and processed in MATLAB. The dark current was
measured by recording unexposed images and was subtracted
from the averaged gray-scale image. In the case of images taken
in the presence of the curtain, the matrix transformation was
carried out and processed by using Eqs. (3) and (4):

Pix�i,j� �
"
1

N

XN
n�1

pixi,j

#
− I dark, (3)

where Pix�i,j� is the averaged gray-scale pixel value on the (i, j)
position; pixi,j is the gray-scale value from the nth image;

Fig. 5. Experimental configuration for measuring the radiative flux
delivered by the central lamp, calculating the flux maps on the target
plate, and measuring the radiative flux regulated by the curtain 1.
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N is the number of recorded images; and I dark is the dark
current:

Q �i,j� �
1

M pix

Xi

1

Xj

1

q�x,y� � Pix�i,j�: (4)

To obtain the flux mapping, Eq. (4) is used together with mea-
surements taken with the Gardon gauge, where M pix is the
maximum gray-scale pixel value in the averaged image, q�x,y�
is the radiative flux measured at the focal plane and at the planes
away from the focal point, and Q �i,j� is the radiative flux on the
(i, j) position on the image. Having the result of the flux map,
the electrical to radiative conversion efficiency can be obtained
by means of Eq. (5) [52], where the incident average flux q̄ over
the target area Atg is divided among the electrical power of the
lamp. I lamp � 90 A and V lamp � 28 V are the electric current
and voltage that supply the lamps with 2.5 kWe:

ηelc �
q̄ � Atg

I lamp � V lamp

: (5)

3. RESULTS

A. MC Ray-Trace Simulation Results
1. Modeling Lamp-Reflector Units along with Attenuators
In this study, a cylindrical light source with a radius of rcyl �
2 mm and a length of l cyl � 5.5 mm was used for modeling
the arc lamp shape. A ray-tracing study was performed to es-
timate a suitable ray number that provides not only accuracy
but also lower calculation cost. A range from 1 × 105 to 1.8 ×
106 rays was implemented in the calculations in order to find
the solution convergence. Figure 6 shows results of the ray-
tracing assessment that can identify the convergence to the
ray-tracing model. It can be appreciated that a good conver-
gence is achieved after 1 × 106 rays, with negligible variance
when increasing the ray number (up to 1.8 × 106). It can then
be shown that the solution varies negligibly by increasing the
number of rays (from 1 million to ∼2 million rays), but the
computational cost increases considerably. Based on these
results, the MC ray tracing was executed for 1 × 106 rays
per lamp throughout the model.

A specular reflectivity factor on the concentrator surface was
adjusted to that of a standard mirror (94%) in order to estimate
the most possible efficiency that the HFSS could achieve.
Figure 7(a) shows the lamp-reflector unit model used; Fig. 7(b)
depicts the radiative peak flux estimated of 1.7 × 106 W, which
is equal to 1700 kWm−2 at the focal plane using seven lamps.

With simulation results, a radiative transfer efficiency [42] of
η � 42% was estimated by using Eq. (2).

The structure that comprises the curtains was established as
a perfect absorber. The full open of the curtains represents 0° in
the angular movement of each curtain slat. Irradiance distribu-
tions on a target of 100 mm in diameter were estimated using
the curtain from 0° to 70° of the aperture.

Figure 8 depicts the radiative flux variation when the cur-
tains are gradually closed. In the case of curtain 1, it can be
appreciated a low level of radiative flux compared with the flux
without attenuator, presenting losses of 47% due to obstruction
of the structure. Radiative losses are shown in Table 5 for each
curtain. The level of radiative losses of curtain 1 is due to the
position of the outer lamps with respect to the normal of the
flat curtain forming an angle making difficult for concentrated

Fig. 6. Convergence of the MC ray-tracing method when the num-
ber of rays is increased from 1 × 105 to 1.8 × 106.

Fig. 7. (a) Lamp-reflector unit modeled using TracePro and (b) es-
timated peak flux 1.7 × 106 W � 1700 kWm−2 using seven lamps.

Fig. 8. Radiative flux variation at the focal plane when the attenu-
ators are gradually closed.

Table 5. Radiative Losses of the Maximum Radiative
Flux Obtained with the Attenuator Curtains Compared
with the Flux Without Curtain

Curtain 1 Curtain 2 Curtain 3 Curtain 4

Radiative losses 47% 9% 14% 7%
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light to pass through the slats. The geometry by which the
radiative flux is obstructed is not the same for the outer lamps
as it is for the central lamp.

Unlike curtain 1, the other curtains provide an excellent
aperture angle, which facilitates that concentrated light can pass
through the slats. Attenuator designs 2 and 4 are the ones that
provide better results in radiative flux modulation, reaching a
wider range of apertures and flux control.

The attenuator with the best result in efficiency is the case of
curtain 4 (individual curtain per lamp). This curtain let pass a
high level of concentrated radiative flux, presenting losses of
7%. Curtain 2 [Fig. 3(b)] has a similar efficiency to curtain
4, but with less mechatronic complexity, presenting radiative
losses of 9%. Based on the outcomes and aiming for a good
relationship between cost-benefit expected from the attenuator,
the attenuator curtain 2 results in the best option to modulate
the radiative flux together with the array of lamps chosen. Based
on the optical design of the attenuator curtain 2, the total ra-
diative flux that can be modulated is improved considerably
compared with curtain 1 manufactured as the initial analysis.
Table 5 shows the radiative flux losses due to obstruction with
the curtains designed.

2. Estimation of the Radiative Flux at Different Planes
behind the Focal Point with the MC Ray-Tracing Model
Ray-trace simulations were carried out (without attenuator
curtain) placing the target at different planes further back
the focal point. At each plane where the irradiance distribution
was estimated, the lamp-reflector units where repositioned (see
Table 4) for achieving a well flux distribution and avoiding hot
spots formations. The target receiver was located at six different
positions away from the focal plane in a range from 0 to
300 mm behind the focus f 2 in steps of 50 mm. Figure 9(a)
shows the decreasing of the radiative flux as the target is moved
away from the focal point using the seven lamps. The radiative
flux estimated is varied from 1700 to 480 kWm−2 and the spot
size is modified from 100 to 200 mm in diameter. Figure 9(b)
shows the flux spot estimated of 480 kWm−2 with seven lamps
at 300 mm away the focal point.

By relocating the reflectors, the irradiance distribution is
kept along the optical axis of the solar simulator from the focal
plane up to 300 mm further back. The decrease of the flux
between planes is not big due to the angular position of the
lamps (19.46° in the vertical plane and 20.4° in the horizontal

plane); the more the displacement between lamps, the larger
the divergence angle. The position adjustments in lamp-
reflector units do not ensure that the irradiance distribution
is kept uniform along the planes at the same time. However,
the displacement of the target from the focal plane offers the
possibility to modify the level of intensity of the peak flux and
to increase the irradiance distribution area.

B. Radiative Flux Validation of a Single Lamp-
Reflector Unit
The characterization of the central lamp-reflector unit was car-
ried out in order to validate the MC ray-trace model by using
the indirect method using a diffusively reflecting flat target
plate and high-resolution camera. A radiative peak flux of
200 kWm−2�20 kWm−2 and a flux spot diameter of 120 mm
were measured, and the flux map was calculated by processing
images with Eqs. (3) and (4). The average irradiance distributed
over the target area was calculated by means of the flux map
obtained, and the electrical to radiative conversion efficiency
of 35% for a single lamp of 2.5 kWe was obtained by using
Eq. (5).

The radiative flux level measured at the focal plane is lower
than the radiative flux level estimated in the model with the
MC ray trace. In a previous publication [42] it was explained
that the reflectivity factor of the concentrator manufactured
and used in this study is 80%; this level of specular reflectivity
is thought reasonable considering that a reflective coating layer
is not used. This kind of coating has a high risk for cracking and
detachment from the surface due to the high thermal load [24].
The fabricated concentrator offers several benefits of durability
and maintenance, because it is high resistance to corrosion and
overheating. In order to have initial analysis, this reflector is an
appropriate element to carry out high heat flux testing.

C. Validation of the Radiative Flux Modulation

1. Measurement of Radiative Flux at Different Planes
behind the Focal Point
The radiative flux estimated for a single lamp at the focal plane
using TracePro was 265 kWm−2; differences between simula-
tions and measurements are due to the reflector factor used in
simulations (94%) compared with the value measured on the
surface of the reflector (80%). In order to validate the central
lamp-reflector unit, MC ray-trace simulations were carried out
with a configuration of the specular reflectivity factor similar
to that measured on the surface of the ellipsoidal reflector
manufactured. A reflecting surface Almeco-Sacallm#3 (80%
of specular reflective factor) was chosen from the properties
of the TracePro software. With this, a comparison of the radi-
ative flux estimated in simulations versus the radiative flux
measured in the laboratory was made. Table 6 depicts the com-
parison between the radiative peak flux estimated and mea-
sured, and the respective flux spot diameter in each plane
where the irradiance was obtained. The range at which the ra-
diative flux is estimated and measured is from 0 to 300 mm
away the focal plane.

Results show a radiative peak flux measured from 200 to
97 kWm−2�10%, compared with the flux estimated from
215 to 88 kWm−2. Radiative flux differences can be associated
with the manual adjustment of the lamp in the focus f 1 inside

Fig. 9. (a) Variation in the radiative flux as the target is displaced
away from the focal plane and (b) graph of the flux distribution
at 300 mm away from the focal plane with a peak flux of
480 kWm−2 estimated with seven lamps (by TracePro).
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the ellipsoidal reflector and due to the fact that the reflector
does not have a perfectly specular surface. The exact position
of the target in the plane introduces a certain grade of error due
to the test bench (�5 mm of error in the displacement) and the
heat flux gauge also introduces the major grade of error (10%).
Despite all mentioned, a good agreement between simulations
and measurements is observed; therefore, the MC ray-trace
simulation is validated. Figure 10 shows the variation of the
radiative flux distribution of a single lamp-reflector unit mea-
sured from the focal plane to 300 mm further back with steps of
50 mm between measurements.

These results show that the radiative flux can be regulated
when the receiver is modified in position along the optical axis
of the solar simulator, and the size of the flux spot can be varied
in diameter from 120 to 220 mm in a range of distances from
0 to 300 mm further back the focal point. These results also
show that the irradiance distribution is maintained in a great
range of distance and hot spots are not presented. This is im-
portant when experiments in cavity and volumetric receivers
are carried out, where the flux distribution on the walls needs
to be uniform [40]. A HFSS with variable flux spot can provide
the versatility of carrying out research in solar thermal and
thermochemical applications where a large flux spot area and
a low level of intensity flux is required [56].

2. Validation of the Radiative Flux Modulation with
Curtain 1
Experiments were carried out with the attenuator curtain 1.
This curtain was manufactured along with the solar simulator,
but its efficiency was not assessed deeply due to the system
complexity. However, as it has been verified throughout this
document, this element is critical to obtain the highest optical
performance of the system. Nevertheless, it is used as the initial
analysis and for comparing with simulation results as part of
validation. Flux measurements were taken in a span of 20 min
in time in order to reach the lamp steady state. The attenuator
curtain was located 1000 mm in front of the focal plane; mea-
surements were taken with an aperture from 0° to 60° with an
error of �2° with steps in measurements each of 5° in the
angular movement of the slats. With the radiative flux mea-
sured at the focal point, a comparison with the radiative flux
estimated in the ray-trace simulations was made. A reflectivity
of the concentrator used in these simulations was established in
80% and the estimation of flux was established in steps of 2°
of resolution. Figure 11 shows the outcomes when curtain 1 is
implemented to regulate the radiative flux.

The results show a gradual reduction of the radiative peak
flux as the curtain is closed. Radiative flux measurements are in
the range from 170 to 1.5 kWm−2�10% for aperture angles of
the slats from 0° to 60°� 2°, respectively. Values of the radi-
ative flux estimated in the MC ray trace with curtain 1 are in a
range from 173 to 0.5 kWm−2 using a specular reflective factor
of 80%. The concentrated energy decrease in the experimental
campaign is similar to simulation results. Based on the results, it
can be seen that the attenuator curtain is an excellent tool to
modulate the radiative flux without the necessity to move to the
focal plane. The mechatronic attenuator provides a new ap-
proach to HFSSs and offers versatility and high radiative flux
resolution to the system. This is a competitive advantage of the
system, because it allows experimentation with more complex
photo-thermal processes where more accurate energy resolution
levels are required.

To calculate the flux maps, the methodology explained in
Section 2.C was used together with the measurements at the

Table 6. Comparison in Radiative Flux Estimated and
Measured at the Same Reflectivity of 80%

Simulations Experiments

Flux Spot
Diameter
(mm)

Flux
(kWm−2)

Flux Spot
Diameter
(mm)

Flux
(kWm−2)
�10%

Focal plane (FP) 100 215 118 200
FP� 50 mm 110 200 128 190
FP� 100 mm 120 165 145 164
FP� 150 mm 130 150 168 152
FP� 200 mm 145 120 190 134
FP� 250 mm 180 100 210 117
FP� 300 mm 200 88 225 97

Fig. 10. Variation of the radiative flux distribution of the central
lamp-reflector unit measured from the focal plane to 300 mm further
back.

Fig. 11. Comparison between radiative fluxes measured (red tri-
angle) and estimated (blue rhomboid). The measurements were made
each 5° and simulations each 2° in resolution.

Research Article Vol. 58, No. 10 / 1 April 2019 / Applied Optics 2613



focal plane of the radiative flux shown in Fig. 11. Figure 12 de-
picts the flux maps distribution and the radiative flux measured
at the focal planes of 170, 139, 96, and 58 kWm−2�10%
obtained by varying the attenuator aperture in a range from
0° to 30° with steps of 10°, respectively.

With this experiment, it can be appreciated that the geom-
etry used in the design to obstruct the path of the concentrated
light does not modify the Gaussian distribution onto the
target. As the curtain is closed, the distribution is maintained
Gaussian-like without alterations (“hot spots”) that can cause
thermal stress or irreversible damage to solar material surfaces
[57]. As a result of this experimental validation with attenuator
1, it is possible to obtain critical information and reliable
parameters to fabricate a more efficient curtain and to improve
the optical performance of the HFSS.

These experimental results ensure validity to the whole
model of MC ray trace; based on the outcomes, curtain 2 pro-
vides superior efficiency with low radiative losses compared to
curtain 1. Due to this, the flux spot control capability in a
mechatronic form can be enhanced and greater applications
can be developed with this system.

4. CONCLUSIONS

In this study, an optical design improvement based on an MC
ray-tracing model to enhance the HFSS modulation capability
was presented and experimentally analyzed. Simulation results
showed radiative losses of 47% with the use of curtain 1.
Radiative losses of 9%, 14%, and 7% were estimated with cur-
tains 2, 3, and 4, respectively, obtaining a modulation capabil-
ity improvement for the optical system. Curtains 2 and 4
provided better results in radiative flux modulation efficiency.
Due to the mechatronic complexity of curtain 4, curtain 2 re-
sulted in a suitable option to improve the optical performance

of the system with the lowest possible radiative losses. The ray-
trace model showed that by adjusting the position of the target
and the lamps, the irradiance distribution can be regulated as
well. This radiative flux modulation approach is important in
applications where a large flux spot area and low intensity level
is required. Experimental results with curtain 1 showed a good
radiative flux modulation and a good agreement with simula-
tions, which provides versatility and validity to the whole ray-
trace model and provides critical information to manufacture
an appropriate attenuator to regulate the flux distribution at
low cost. The outcomes also showed that the curtain allows
regulating the radiative flux without altering the Gaussian dis-
tribution of the flux spot. The radiative flux control capability
in a mechatronic form avoids the use of rectifiers and ensures
the possibility to carry out a variety of experiments for indoor
researching of solar thermal and thermochemical systems.
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