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Abstract: In the search for alternatives to reduce the consumption of electric energy, the possibility
of using natural light for lighting through TDD (tubular daylight devices) or TDGS (tubular
daylight guidance systems) appears. These natural luminaires are used in rooms where you
want to save electricity and enjoy the benefits of natural light. The present work proposes the
construction of a tubular system for the conduction of natural light that replaces aluminum with
silver (currently marketed by several companies) by polymer metallized with aluminum, offering
a low cost. The polymer acrylonitrile butadiene styrene (ABS), coated with aluminum by physical
vapor deposition (ionization), was evaluated for some tests to verify characteristics of the structure
and the metallized surface. After the tests, the construction of the reflective tube was performed and
validated in a real scale of application. The results proved the technical viability of the proposed tube
construction for the realization of direct sunlight for illumination using polymeric material. Although
it has produced 35% less than the reference tube, it can be marketed at an estimated cost of 50% less.

Keywords: tubular daylighting systems; acrylonitrile butadiene styrene; vacuum metallization

1. Introduction

In recent years, some actions to increase the generation of electric energy have been implemented
in worldwide to meet growing demand, but these actions need high investments and great mobilization
of infrastructure causing many environmental impacts. It is necessary, therefore, to carry out
sustainable actions, with less financial resources and with faster effects that allow the optimization
of the use of electric energy, increasing in the short term the supply of electric energy. These actions
require the application of more efficient equipment in the generation, transmission, distribution and
consumption systems, allowing a reduction in the use of electric energy caused by the best use [1].
Another way to reduce the consumption of electric energy with a potential of applicability and that
has been little explored in Brazil is the use of natural energies (thermal, solar, wind, water, etc.)
directly—for example, the use of solar energy for water heating and the capture of sunlight for ambient
lighting [2,3].
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In terms of sunlight, Brazil is in a favorable geographical position with solar incidence higher
than the majority of Europe where this type of energy is explored with great intensity for many
years. Germany, for example, which excels in the use of solar energy, presents radiation rates 40%
lower than the worst Brazilian region in this aspect, indicating a great potential to be explored in
Brazil [4]. In addition, some regions of the Brazilian northeast reach solar radiation indices of around
19.7 MJ/m?.day, values that approach the obtained in the city of Dongola located in the Sudan
desert, which has one of the highest solar radiation rates in the planet with an annual radiation
of 23.8 MJ/m?.day. Therefore, this paper presents the development of a system of the capturing
direct sunlight for illuminate environments using tube built with polymeric material (ABS) metallized
with aluminum, resulting in a lower cost product when compared to similar solutions available in
the international market. The proposal follows in the line of research of systems known as Tubular
Daylighting Device (TDD) or Tubular Daylight Guidance System (TDGS), responsible for conducting
natural light captured externally into environments to be illuminated. The reflective tubes that are
the object of this study are the ones responsible for conducting the light captured in the dome to the
interior of the rooms, using the optical physical principles of reflection. Considered a primary element
of the solar orientation system, reflective tubes (also known as light tubes) have proven ability to
conduct sunlight over medium distances, including in installations where curves are present in the
tubes. In existing applications, it is possible to find approaches to tunnel illumination, multilevel
constructions among others [2-5].

The lighting of rooms through natural light is important for reducing the consumption of electric
power bringing economic and environmental benefit The natural lighting transforms the environment
visually and thermally more comfortable, and provides health benefits motivated by the characteristics
of solar radiation [6]. The use of reflective tubes for lighting purposes began in the 1980s more precisely
in 1986, when an Australian inventor innovated in the way of illuminating interior environments.
The invention was patented and the company Solatube (Wenban P1, Australia) began to act in the
commercialization of the product, and, during the years, the technology evolved and reached a high
yield [6]. Over time, new companies emerged (and began to produce) and market solar systems
for direct lighting based on the original design, with small geometric changes and materials used.
The systems of solar tubes are composed of some parts, and analyzing only the reflective tube that
is the object of this study (see that material composition is equal to all the companies.) For example,
the company Espacio Solar (Barcelona, Spain), Fakro (Pombal, Portugal) and Natural Light Natural
light tubular skylights (Phoenix, AZ, USA) have systems TDD where the pipe use aluminum with
silver layer and the reflectance informed for them is 98%. The company Velux (Lisboa, Portugal) and
Solar Spoty (Cocquio Trevisago, Italy) use high reflexive aluminum and inform reflectance among 99
and 99.7%. Lastly, the Solatube (Wenban P1, Australia) and Chatron (Vale de Cambra, Portugal) also
use aluminum with a silver layer and inform reflectance of 99.7%.

From this information, it is observed that the technology conceived by the Australian in 1986
is already widely spread and consolidated internationally; however, among the companies that
supply this product, there are no innovations, that is, they all use the same materials and geometries
obtaining similar results. In Brazil, there are no companies that produce this type of technology,
even with the high potential of sunlight in the country and great need to reduce the consumption
of electric energy. Searching in the academic level, not many works are found that propose the use
of materials in substitution of silver aluminum used commercially, being that the great majority of
the research to the surroundings of this subject are directed to the evaluation of the existing tubular
systems, simulations, mathematical models and alterations of geometry, but always maintaining
the use of aluminum with surface treatment in silver. Among the studies found are: Study of
light-pipes for the use of sunlight in road tunnels: From a scale model to real tunnels [2]; Methods
for the illumination of multilevel buildings with vertical light pipes [3]; Use of diffusers materials
to improve the homogeneity of sunlight under pergolas installed in road tunnels portals for energy
savings [4]; Illumination of dense urban areas by light redirecting panels [5]; Cylindrical mirror light
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pipes [7]; Tubular guidance systems for daylight: Achieved and predicted installation performances [8];
Tubular light guidance systems as advanced daylighting strategy [9]; Rectangular-section mirror light
pipes [10]; Analytical solution for daylight transmission via hollow light pipes with a transparent
glazing [11]; Splayed mirror light pipes [12]; Transmission of mirror light pipes with triangular,
rectangular, rhombic and hexagonal cross section [13]; Overview and new developments in optical
daylighting systems for building a healthy indoor environment [14]; Light transmission efficiency
of daylight guidance systems: An assessment approach based on simulations and measurements
in a sun/sky simulator [15]; Light Pipes Performance Prediction: inter model and experimental
confrontation on vertical circular light-guides [16]; Thermal analysis of light pipes for insulated flat
roofs [17]; Innovative daylighting systems challenges: A critical study [18]; Research on energy saving
analysis of tubular daylight devices [19]; Investigation of laminar natural convection heat transfer
within tubular daylighting devices for winter conditions [20]; Passive Tubular Daylight Guidance
System Survey [21]; Study of tubular daylight guide systems in buildings: Experimentation, modelling
and validation [22]; Daylighting in buildings: Developments of sunlight addressing by optical fiber [23];
Experimental analysis on a 1:2 scale model of the double light pipe, an innovative technological device
for daylight transmission [24]; Daylight and energy performances of a new type of light pipe [25];
Proposal of an alternative system for capturing low cost sunlight for insertion into the Brazilian
market [26].

2. Materials and Methods

This paper presents a proposal for development of the prototype of an reflective tube for a direct
natural light fixture using polymeric material in order to reduce the cost that is currently outside the
financial reality of the majority of the national population. The TDD system is composed for domo,
tube and diffuser, where each part has one specific function. The present study focuses only on the
reflective tube using polymeric material culminating in the prototype for validation. Therefore, it is
proposed to construct the prototype of the reflective tube with characteristics similar to the commercial
reference product, however constructed with polymer. For comparative validation, the reflexive tube
built was installed with domo, diffuser and other accessories of the reference model (Solatube 160DS).
The reference product used in this study will be the Solatube lighting system (manufacturer with the
most popular product on the market) model 160DS [27].

The technical characteristics of the reference reflexive tube, which will guide the proposal,
are presented in Table 1 with data from the catalog made available on the manufacturer’s website.

Table 1. Technical specifications provided by the manufacturer (reflective tube).

Parameter Specification

Diameter 250 mm

Thickness 0.4 mm
Structural material Aluminum
Reflexive material Silver
Nominal reflection 99.70%

The proposed reflective tube was constructed using two distinct materials, one of which was used
in the structural construction of the tube and the other material for the layer that will cover the interior
of the tube to ensure reflection. According to what was mentioned previously, in order to reduce the
cost of the tube, polymer is used in the structure instead of aluminum. The use of polymers must
guarantee the minimum compliance of the parameters (reflexivity, adhesion, mechanical resistance,
etc.) of the proposal. The polymer material tested for the structural construction of the proposed tube
was the Acrylonitrile Butadiene Styrene (ABS), which makes up the list of polymer materials currently
used for their mechanical rigidity, low weight and relative flexibility. The ABS supports temperatures
between —73 °C and 175 °C without suffering change in your structure being ideal for the proposed
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application as ambient temperatures never reach these values. The reference reflective tube (Solatube
160DS) consists of a 0.4 mm thick aluminum foil that serves as a support base for a very fine high
purity silver film (patent protected Spectralight® Infinity Tubing technology) inside the tube with
a diameter of 250 mm. According to the manufacturer, this technological silver film guarantees high
reflection capacity reaching 99.7%, making the product one of the best on the market [6].

Since the structural material utilized, the ABS, the application of a thin film internally with
reflective material is necessary to guarantee the internal specular reflection. That way, the light that
surpasses the dome, when reaching the tube, reflects with the same entrance angle (specular reflection
characteristic) and is directed into the room [28]. The automotive industry uses metallization of
polymers as an alternative to reduce the weight of vehicles through the use of polymers instead of
metallic materials [29]. The metallization process gives the mechanical protection and aesthetic to
polymer in some cases, and in other cases reduces friction with external particles and brings reflective
characteristics [29]. Among the methods used in metallization of polymers are indirect metallization,
metallic painting, electrodeposition and vacuum metallization, each with its characteristics [30].
The vacuum metallization is the physical vapor deposition process (PVD) that consists of the
transformation of the material being deposited in a vapor in a vacuum chamber and transporting to
the material of the part to be deposited (substrate) and activated by a plasma [29]. The PVD, among its
advantages, has the ability to deposit coatings of various types on substrates of any material, allowing
the metallization of parts with simple or complex geometries, in addition to presenting a low degree
of aggressiveness to the environment [31]. The vacuum metallization processes differ by the type of
energy they use, and can be by ionizing, planting in this case the heat that promotes the evaporation
of the material, by sputtering, which is the bombardment between gas ions (usually argon) and the
atoms that constitute the target substrate [29]. In the application of this study, the metallization by
ion plating was used by presenting greater effectiveness in the ionization of the gases, guaranteeing
a higher density of the deposited film and good adherence [30]. In the metallization process by PVD,
there is a wide range of possible coatings (gold, silver, copper, aluminum, chromium, etc.). However,
in order to obtain a low cost product with high reflection, aluminum that meets these characteristics
was used.

For verifying the mechanical strength of the ABS, tensile tests were performed using the standard
test method for tensile properties of plastics, ASTM D638 (American Society for Testing and Materials)
in specimens with standard dimensions using the Universal Testing Machine of the manufacturer
EMIC model 100kN. For the preparation of the test specimens according to the standard, a tool (matrix)
for injection was development. The 3D model of the matrix is presented in Figure 1A and was built
with AISI P20 steel due to the characteristics of ease of machining and to allow high gloss through
polishing according to Figure 1B.

Figure 1. 3D model matrix (A)/Machined matrix (B).
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Once injected, three samples of ABS were submitted to tensile tests according to the parameters
suggested by the normalization. Table 2 presents the results of the traction tests in a comparative way
where it can be verified that the mechanical resistance of the ABS is much smaller than that of the
aluminum used in the reference.

Table 2. Comparative results of tensile tests.

ABS Reference
Tensile Strength c o Tensile Strength c o
Number of Test Limit (Mpa) Elongation (%) Number of Test Limit (Mpa) Elongation (%)
Test 01 40.7 3.05 Test 01 159.4 7.8
Test 02 39.09 0.85 Test 02 159.2 7.8
Test 03 42.06 14.88 Test 03 157.7 8.2
Average 40.62 6.26 Average 158.83 6.26

The mechanical strength of the material is not a critical feature, since after being installed,
the reflective tube does not undergo great effort. However, it is necessary for the material to withstand
the efforts of the construction, transportation and assembly without deforming, thereby preserving
the deposited metal layer. A sample’s composition was shown removed from the reference (Solatube
160DS) according to fluorescence analysis as provided in Table 3.

Table 3. Chemical properties of the aluminum used in the reference product.

Chemical Properties % Chemical Properties Y%
Aluminum (Al) 99.124 Chromium (Cr) 0.164
Iron (Fe) 0.361 Titanium (Ti) 0.03
Copper (Cu) 0.055 Vanadium (V) 0.021
Manganese (Mn) 0.177 Lead (Pb) 0.002
Zinc (Zn) 0.062 Others 0.004

After the tensile tests, fine films of aluminum were deposited in the ABS specimens by ion plating
process (with parameters of Chamber pressure 8.0 x 10~° Torr, working pressure 1.2 x 1073 Torr,
voltage 12 V, electric current 1900 A and target distance 26 cm) for realization of reflection tests.
The reflection tests followed the standard ASTM E903 (Standard Test Method for Solar Absorption,
Reflectance, and Transmittance of Materials Using Integrating Spheres) using the Agilent Cary

5000 spectrophotometer (Agilent: Santa Clara, CA, USA). The tests in the reference can be visualized
in Figure 2.
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Figure 2. Reflection tests (Reference).
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Analyzing the data, it was verified that the lowest reflection peak of the visible region of this
sample is 62.44% in the wavelength 380 nm, the highest peak is 93.76% in the wavelength 744 nm
and arithmetic mean of the reflection in this region was 91.15%. It is also noted that, in regions of
ultraviolet and infrared light, there is a drastic fall in the capacity of reflection, which is characterized
by the use of aluminum in the structure of the tube dissipating part of the heat without itself and
avoiding a drive to the environment [31]. Figure 3 shows the results of the tests on the ABS test bodies.
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Figure 3. Reflection tests (ABS).

It is observed with evidence the difference in reflection behavior in the reference and in the
proposed material, while the reflection of solar radiation occurs from 380 nm to 1000 nm in the
reference material. In the proposed material, the reflection occurs in the entire range of the radiation,
and also in the infrared and ultraviolet. This is because the entire wavelength of light incident on
the surface is mirrored and diffused, as the polymeric material has virtually no dissipation of heat.
However, this fact does not make the study unfeasible, since commercial products have the UV and IR
filter in the anterior element (dome), filtering the heat and therefore the filter in the reflective tube is
redundant. In the ABS reflection results, the lowest reflection peak of the visible region of this sample
was found to be 79.44% in the 380 nm wavelength, the highest peak was 82.51% in the wavelength
580 nm and the mean arithmetic in this region was 81.48%. Finally, based on the guidelines of ASTM
D3359-09 (Crosshatch and Tape Pull Test), adhesion tests were performed on the samples in order to
verify if the aluminum thin film adhered perfectly to the substrate to ensure that, with time, the layer
does not detach from the structure. In this test, the coating is scratched with a stylet forming six vertical
and six horizontal scratches forming 2 X 2 mm squares, and a special adhesive tape is then applied
onto this surface. After application of the tape, one should wait three minutes before removing it
parallel to the substrate. These rates the quality of the adhesion from the amount of material detached
from the substrate that was adhered to the tape. The tests performed in three specimens showed 0% of
the area removed in all cases, which means a 5B adhesion according to the norm, that is, total adhesion
of the film to the substrate.

In order to carry out the validation tests, the reflective ABS tube was constructed with aluminum
by the process of ion planting using the same parameters used in the test specimens. To allow internal
metallization, the same pipe was made by the plastic injection process in fractional form (in arcs)
to allow the internal metallization and subsequent assembly to form the tube. Figure 4 shows the
dimensions of the pipe construction parts.

Figure 5 shows the arcs after metallization and the tube after mounting the bows and rings.
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Figure 4. Dimensions of developed arcs.

Figure 5. Reflective tube assembly (bows and rings).

3. Validation

For the validation of the real-scale prototypes, two rooms with equal dimensional and architectural
characteristics are used, located in the building of the Coal Testing Laboratory in the Cricitima City,
Brazil. The validation environments have dimensions 5 m long, 3 m wide and 3 m high, built with light
walls, white ceilings and dark floors. In one of the rooms, the complete commercial model (reference)
was installed, and, in the other room, the tube prototypes to be tested were installed, but still using the
dome and diffuser of the commercial model. This guarantees the comparative evaluation, specifically
of the performance of the prototype of the proposed tube in relation to the reference. Figure 6 shows
the tubes (reference and prototype) duly installed for validation.

The validation method used is comparative among the data obtained in the room where the
reference tube is installed and in the room where the prototypes are installed. In order to measure the
amount of light within the environment, luxmeters (MLM-1020 from Minipa, Sao Paulo, Brazil) were
used to measure lighting or illuminance, as defined by ISO/IEC 8995:2013 (International Organizations
for Standardization/International Electrotechnical Commission). In order to obtain parameters of light
distribution in the environment and also for determination of average illumination, six luxmeters were
arranged in each room as shown in Figure 7.
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(a) (b)

Figure 7. Validation rooms with measuring luxmeters. (a) Design; (b) Picture.

The validation occurred between 17 October 2017 until 27 October 2017 with luxmeters being set
up to record a measurement every 250 s.

4. Results and Discussion

For the better presentation of the data, the records of each luximeter were reduced to the hourly
average. Subsequently, the hourly mean was extracted from the 10 days resulting in an average day
representing the validation time as shown in Table 4 and Figure 8.
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Table 4. Table of the average hour of the validation days (Reference vs. Prototype).

Reference (SOLATUBE 160DS) Prototype

Hour | LX1 LX2 LX3 LX4 LX5 LX6 Average LX1 LX2 LX3 LX4 LX5 LX6 Average
(lux) (lux) (lux) (lux) (lux) (lux) (lux) (lux) (lux) (lux) (lux) (lux) (lux) (lux)
06:00 0.81 1.03 0.96 0.61 0.86 0.69 0.89 0.51 0.49 0.70 0.70 0.49 0.42 0.52
07:00 7.76 9.23 8.98 5.06 8.04 6.81 8.35 3.56 4.65 7.36 6.88 4.65 423 5.10
08:00 | 21.69 2477 2571 1528 19.04 2028 22.71 9.86 1212 1897 1762 1221 1124 13.56
09:00 | 31.10 3536 3921 2215 2850  30.53 33.68 17.02 1991 2999 2888 2021 17.74 22.06
10:00 | 4433 5040 6225 3717 4299 4794 50.95 2945 30.03 54.07 4639 3022  28.09 36.37
11:00 | 51.48 5575 76.64 4508 5349 57.96 60.76 3690 3810 6827 59.17 3929 3746 46.53
12:00 | 5620 59.00 96.47 56.46 54.82  76.98 7143 4117 4477 9456 8729 5557  39.29 60.29
13:00 | 51.00 5990 92,67 5346 5274 67.30 67.95 31.65 3622 8625 8457 6453  41.00 55.70
14:00 | 4637 5053 7991 39.00 50.81 57.06 58.26 3484 4314 7674 6325 4723 3287 49.68
15:00 | 30.69 3794 46.06 2519 2996 3223 36.69 21.85 1899 3783 3525 21.60 19.58 25.85
16:00 | 34.01 39.85 4506 2553 30.82  34.09 31.24 1745 16.68 29.62 2669 19.04 1635 20.97
17:00 | 2033 2322 2520 1615 1731  19.40 21.64 7.84 11.00 1598 1692 13.03  10.89 12.44
18:00 9.25 1045 11.23 8.14 7.01 8.63 9.62 4.78 4.83 8.33 7.28 4.74 4.52 5.75
Validation Period: 17 October 2017 to 27 October 2017 (10 days)

In Table 4, “LX” means luxmeter and the number means the position of the luxmeter in the room
according to Figure 8.
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Figure 8. Graph of the average hour of the validation days (Reference vs. Prototype).

For the validation performed, it is verified that the method used actually has application potential,
but with only one luminaire, it is not possible to adequately illuminate the validation room that,
according to the Brazilian standard of Brazilian Association of Technical Standards (ABNT NBR
ISO/CIE 8995-1), needs a minimum of 300 lux. The maximum values reached were 71.43 lux of the
reference tube and 60.29 lux of the prototype, making evident the need to complement the natural
lamp with artificial light. Evaluating only in this specific case, from light calculations, it is verified that,
during one day, the luminous flux generated is 29,635.57 lumens for the reference tube and 22,177.94
for the prototype. Using an OSRAM CLASSIC A60 LED lamp (Munich, German) with a power of
10 W and luminous flux of 800 Im/W, it is estimated that, to supply the same amount of artificial
light, 3.05 lamps connected during the 12 h (6 h to 18 h) would be needed, saving up approximately
367.06 Wh per day or 134 kWh per year. Using the same calculations for the prototype, the values of
saving energy are 361.75 Wh per day or 132 kWh per year.

Therefore, it is verified in the obtained results that the validated prototype indicates technical
viability of the substitution of the commercial tube of aluminum metalized with silver by the polymer
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metalized with aluminum justified by the least cost allowing access to a greater part of the population
due to its financial power. The lowest yield obtained in the results of the validation can be motivated
a great amount of the junction in the tube between arcs and rings, being that for transforming the idea
into a product, it is necessary to evaluate the possibility of construction of a pipe with a smaller quantity
of joints that will maximize yield. Based on information from service providers and considering
production costs including labor, it is estimated that the cost for the construction of the prototype was
46.5% lower than the current cost of acquisition of the reference tube through the national distributor of
the product, also considering the import taxes. Thus, for the current reality of Brazil, the construction
of the proposed product is technically feasible even with the lowest yield presented in the validation
tests. Table 5 presents final characteristics of the reflexive idealized, assembled and validated.

Table 5. Technical characteristics of the developed prototype.

Tube Structural Material ABS No More Information

Thickness 2 mm No more information

Product composed of arcs joined by rivets, with 10cm for each
Length 10 cm assembled arch. To achieve the desired length it is necessary to
assemble as many arches as necessary

Reflective film Aluminum Metalizing process by plating ion
Tensile strength 40.62 Mpa ASTM D638
Adhesion 5B ASTM D3359-09
A"ei:ﬁ:;:i"(ﬁ‘liml 81.48% ASTM E903
Weight 1.6 kg/m No more information

5. Conclusions

With the validation, it was possible to verify that the prototype built presents satisfactory yield of
solar conduction considering the characteristics of the materials used in comparison with commercial
products. The constructive aspects of the prototype have contributed to the attenuation of the
reflection due to the high number of junctions (bows and rings), and, although this attenuation
has not been measured, it is understood that if the final product is built with a minimum number of
junctions, the final result of the tube yield will be even better than those obtained in the validation.
The main conclusion drawn from the project is the effective demonstration of the technical feasibility
of developing a reflective tube using polymer materials metallized with aluminum to replace the
commercial solutions that use metalized aluminum with silver, aiming at reducing the cost of the
product. The results of the prototype were very satisfactory, and the next step in the product-marketing
objective is to optimize the product, further improving its technical characteristics and reducing
production costs and increasing its yield. It is important to note that all tests were performed in a rather
severe condition, that is, with a pipe length of 2 m, which is a rather unusual architectural condition,
and means that the results presented will be better considering this fact.
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