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Abstract 
 
Concentrated solar power systems are expected to be sited in desert locations where the 
direct normal irradiation is above 1800 kWh/m2.year. These systems include large solar 
collector assemblies, which account for a significant share of the investment cost. Solar 
reflectors are the main components of these solar collector assemblies and dust/sand 
storms may affect their reflectance properties, either by soiling or by surface abrasion. 
While soiling can be reverted by cleaning, surface abrasion is a non reversible degradation. 
 
The aim of this project was to study the accelerated aging of second surface silvered thick 
glass solar reflectors under simulated sandstorm conditions and develop a multi-parametric 
model which relates the specular reflectance loss to dust/sand storm parameters: wind 
velocity, dust concentration and time of exposure. This project focused on the degradation 
caused by surface abrasion. 
 
Sandstorm conditions were simulated in a prototype environmental test chamber. Material 
samples (6cm x 6cm) were exposed to Arizona coarse test dust. The dust stream impacted 
these material samples at a perpendicular angle. Both wind velocity and dust concentration 
were maintained at a stable level for each accelerated aging test. The total exposure time in 
the test chamber was limited to 1 hour. Each accelerated aging test was interrupted every 4 
minutes to measure the specular reflectance of the material sample after cleaning. 
 
The accelerated aging test campaign had to be aborted prematurely due to a contamination 
of the dust concentration sensor. A robust multi-parametric degradation model could thus 
not be derived. The experimental data showed that the specular reflectance loss decreased 
either linearly or exponentially with exposure time, so that a degradation rate could be 
defined as a single modeling parameter. A correlation should be derived to relate this 
degradation rate to control parameters such as wind velocity and dust/sand concentration. 
 
The sandstorm chamber design would have to be updated before performing further 
accelerated aging test campaigns. The design upgrade should improve both the reliability 
of the test equipment and the repeatability of accelerated aging tests. An outdoor exposure 
test campaign should be launched in deserts to learn more about the intensity, frequency 
and duration of dust/sand storms. This campaign would also serve to correlate the results 
of outdoor exposure tests with accelerated exposure tests in order to develop a robust 
service lifetime prediction model for different types of solar reflector materials. 
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1 Introduction 
1.1 Context 
According to British Petroleum (BP) World Energy Outlook 2011 (BP, 2011), the world 
primary energy consumption relies mostly on fossil fuels (Oil: 35%, Gas: 24 %, Coal: 29 
%) while Nuclear and Hydro power fill in the gap (Nuclear: 5.5 %, Hydro: 6.5 %), which 
means that alternative renewable energy sources play a negligible role in the current world 
energy mix. As the world population is expected to increase significantly by 2050 and as 
developing countries thrive to reach occidental living standards, the current situation is 
alarming. A business as usual scenario would not be sustainable for several reasons, such as 
the depletion of fossil resources, the environmental impact of greenhouse gases and a 
renewed safety concern for nuclear power after the catastrophe in Fukushima, Japan. 
There is thus a need to foster the development of renewable energy sources worldwide. 
 
Even though renewable energy technologies such as photovoltaic (PV) and wind power 
technologies have experienced a fast paced expansion in the past decade (2000s), there are 
still some valid concerns regarding the integration of these renewable energy sources in the 
conventional power generation infrastructure. Large scale electricity storage needs to be 
developed in order to dispatch wind or PV power in conventional electricity grids. 
Nonetheless, the technical potential of renewable and more specifically solar energy is 
tremendous. According to Dr.Knies, co-founder of the Trans-Mediterranean Renewable 
Energy Cooperation (TREC), “deserts receive more energy from the sun within 6 hours than human 
kind consumes within a year”. This statement is the foundation for the Desertec Industrial 
initiative (DII) (Desertec Industrial Initiative, 2011). 
 
In order to harness solar power from the world deserts, the most relevant strategy is 
probably to concentrate direct solar radiation with large tracking mirrors (or reflectors) 
onto smaller receivers which contain a heat transfer fluid. This is the basic operating 
principle of Concentrated Solar Thermal (CST) technology. The heat stored in the fluid 
can then be used and converted in any kind of thermal process, depending on the fluid 
temperature. For instance, the heat can be converted to mechanical energy via a steam 
turbine, connected to a generator to produce electricity. This is the basic principle of a 
Solar Thermal Power Plant (STPP). The first commercial STPP also known as Solar 
Energy Generation Systems (SEGS), were built in the Mojave Desert (California, U.S.A) 
during the 1980s. (Appendix 1).  
 
SEGS plants have used Parabolic Trough Concentrators (PTC) and they have been 
operating successfully for more than 20 years. However, due to a higher Levelized Cost of 
Electricity (LCOE) in comparison to electricity generated by conventional fossil power 
plants, no new STPP was commissioned until 2007 (Appendix 1). Nonetheless, CSP 
technology is expected to experience the same development as PV or wind power 
experienced during the past decade and many construction projects have recently been 
completed in Spain (Appendix 1), thanks to an attractive feed-in tariff scheme and a good 
solar irradiation. It is worth to remark that the attractiveness of CSP over other renewable 
energy solutions (PV, Wind) lies in the possibility to use large scale thermal storage. 
Because large scale thermal storage is more convenient than large scale electricity storage, 
STPP have the potential to deliver base load power and thus compete with conventional 
power plants (IEA, 2010). 
 
Today, many international research programs focus on the development of new materials, 
components and systems in order to improve the performance and lower the initial capital 
cost of CSP technology, to make it competitive on the market. According to Sargent & 
Lundy report (Sargent & Lundy, 2003), the solar field represents about 50% of the total 
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initial capital cost in a STPP. The solar field consists of solar collector assemblies (SCAs), 
including concentrator structures, reflectors, receivers, and the balance of concentrator (i.e. 
pylons, foundations, drive, controls and connections). This project focuses on reflector 
material. The main optical characteristic of a reflector is its reflectance, which has to be 
highly specular so that a maximum amount of incident beam radiation can be reflected 
onto the receiver. Today several candidate advanced reflector materials are emerging on 
the market and there is a need to assess their performance and durability. 
 
As only direct normal irradiance (DNI) is of interest for concentrating systems, CSP 
systems can only be located where the DNI level is above 1,800-2,000 kWh/m2 per year 
(DLR MED-CSP, 2005). The most favorable locations on Earth lie within 40° from the 
Equator, as illustrated in Figure 1. Moreover, favorite CSP sites are likely to be located in 
deserts, as it can be observed by comparing the DNI map (Figure 1) with the world desert 
map (Figure 2). As CSP systems are expected to operate over a 30 years service lifetime, it 
is important to design systems with robust components and materials that are able to resist 
in harsh environments. In the case of deserts, dust and sandstorms are the most critical 
events, because they may cause the degradation of reflectors optical performance both by 
soiling and abrasion. 
 

 
Figure 1: Worldwide qualitative evaluation of DNI for STPP (Schott AG, 2011) 

 

 
Figure 2: World map of deserts (National Geographic, 2011) 
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1.2 Aim 
The aim of this project is to study the accelerated aging of the most common type of solar 
reflectors under simulated sandstorm conditions. The focus will be on abrasion rather than 
soiling, as abrasion is a non reversible degradation mode while soiling can be removed by 
appropriate cleaning procedures. Moreover, the analysis will focus on the reflector optical 
properties, while mechanical properties will not be investigated.  
 
Sandstorm conditions will be simulated in an environmental test chamber, where wind 
velocity, dust concentration and time of exposure are the control parameters. During 
degradation tests, thick glass second surface silvered reflectors will be exposed to one 
specific dust type and these material samples will be oriented so that the dust stream hits 
the sample front surface at a perpendicular angle. The objective of this project is to 
develop a multi-parametric degradation model relating the loss of specular reflectance to 
the defined control parameters listed above. 
 
In the second chapter (Section 2), a literature review is proposed to the reader to introduce 
CSP systems, reflector materials, sand storm characteristics and previous testing of solar 
materials in similar test conditions. In the third chapter (Section 3), the methodology is 
developed, with a brief introduction on accelerated testing and service lifetime prediction, 
followed by a description of the experimental set-up and the experimental design. In the 
fourth chapter (Section 4), the results of the accelerated ageing test campaign are presented 
and discussed. The experimental set up is also evaluated in this last chapter. 
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2 Literature review 
The aims of this chapter are to familiarize the reader with CSP systems and reflector 
materials, to describe the main characteristics of dust and sand storms and to summarize 
previous research concerning solar material degradation under sandstorm conditions.  
 

2.1 Concentrated solar power systems 
This first section consists in a brief presentation of CSP systems. The principle of CSP 
technology was already described in the introduction. In this section, the existing designs 
and applications are first listed. The optical characteristics of solar collector assemblies 
(SCAs) are then introduced. A brief discussion of performance and costs is included next. 
Finally, siting criteria for solar thermal power plants (STPPs) are summarized. 

2.1.1. Solar field technologies and applications 
As briefly outlined in the introduction, CSP systems generally consist of three sub-systems: 
a solar field, a thermal storage unit and a thermal load. These subsystems can be interfaced 
with heat exchangers if required. This section focuses on current solar field technologies 
and their corresponding applications (or thermal loads). 
 
The basic function of a solar field is to concentrate direct beam radiation and convert the 
radiation flux to useful heat. This function is performed by SCAs. These are classified into 
two main categories, namely “line focus” and “point focus”. In line focus systems, solar 
radiation is concentrated on a linear receiver, as in parabolic trough collectors (PTC) 
described in (SolarPACES, n.d.1) and linear Fresnel collectors (Haeberle et al., 2002). In 
point focus systems, solar radiation is concentrated on a point or a disk, as in solar towers 
(SolarPACES, n.d.2), parabolic dish systems (SolarPACES, n.d.3) or solar furnaces. In 
comparison to linear focus systems, point focus systems can achieve a higher range of 
useful temperatures, because of a higher concentration ratio (Duffie & Beckman, 2006). 
 
A wide range of thermal applications can be connected to solar field technologies. The 
most common application is power generation using heat engines and/or steam turbines. 
Alternative applications include Industrial Process Heat (IPH), space and/or Domestic 
Hot Water (DHW) heating, cooling (air conditioning or refrigeration), water treatment and 
water desalination, thermo-chemical processes such as hydrogen production (Fernandez-
Garcia et al., 2010) and also high temperature testing of materials. 
 
Today the most common application is power generation and PTC is the most mature 
solar field technology thanks to the experience gathered with SEGS plants since the 1980s. 
Other solar field technologies are today at the stage of commercial demonstration, with an 
advantage for solar towers over linear Fresnel for centralized electricity production, while 
dish stirling systems have to compete with concentrated photovoltaics (CPV) technology 
for decentralized applications (Mills, 2004), (Platzer, 2010a). Alternative applications 
mentioned in the paragraph above, such as IPH or seawater desalination, could be either 
combined to power generation in co-generation plants or they could also be the only 
thermal application connected to the solar field (DLR AQUA-CSP, 2005). 

2.1.2. Characteristics of solar collector assemblie s 
As outlined in the introduction, SCAs consist of concentrator structures, solar reflectors, 
receivers, and other components (pylons, foundations, drive, controls and connections). 
The purpose of this section is to describe briefly the main optical characteristics of SCAs. 
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The main characteristic of a SCA is its concentration ratio, as mentioned in the previous 
section. One can further distinguish between a global concentration ratio (noted Cglobal) and 
a local concentration ratio (noted Clocal). The global concentration ratio is defined as the 
ratio of the reflector aperture area to the area of the receiver. The theoretical maximum 
limit is derived for point and line focus concentrators in (Duffie and Beckman, 2006). One 
can also define a local flux concentration ratio, which corresponds to the ratio of the flux 
at a certain point on the receiver to the flux on the reflector aperture. 
 
Another important optical characteristic of SCAs is the acceptance angle, noted θc. The 
acceptance angle is defined as the maximum angle at which reflected direct solar beams 
can be captured by the receiver. This depends on the SCA geometry. The minimum 
acceptance angle value corresponds theoretically to the angular diameter of the sun, which 
equals to 32’(≈ 0.53° or 9 mrad). In practice, the acceptance angle increases due to optical 
errors caused by some factors such as tracking accuracy, misalignment of concentrator 
structures, deformation of reflectors or wind loads (Gee et al., 2010). The concentration 
ratio is affected by the acceptance angle: the higher the acceptance angle is, the larger the 
receiver area must be to collect reflected solar radiation, thus lowering the concentration 
ratio. Reciprocally, the SCA geometry determines the maximum acceptance angle and thus 
the requirement on optical errors, such as tracking accuracy (Duffie and Beckman, 2006). 
 
The next SCA optical characteristic is the intercept factor, noted γ. This parameter is 
defined as the fraction of the reflected radiation that is incident on the absorbing surface 
of the receiver (Duffie and Beckman, 2006). At this point it is worth noting that CSP 
systems use imaging concentrators, which means that receivers are positioned in the focus 
of solar reflectors, because the local flux concentration ratio is maximum at this position. 
However, the receiver geometry can not be reduced to a line or a point. The receiver area 
has to be minimized to reduce heat losses, while it should be large enough to intercept 
more than 90% of the reflected radiation (Duffie and Beckman, 2006). 
 
It is now possible to formulate the amount of absorbed radiation per unit area of aperture, 
noted S (J/m2) (Eq. 1) as defined in (Duffie and Beckman, 2006): 
 

S = Ib.ρspec.(γτα).IAM Eq. 1 
 
Where Ib corresponds to the incident beam radiation (J/m2), ρspec is the specular reflectance 
of the concentrator or reflector (in %), τ is the transmittance of the receiver (in %), α is the 
absorptance of the receiver in the solar spectrum (in %) and IAM is the incident angle 
modifier (in %), which accounts for deviations from the normal incident angle. The 
interested reader will find detailed information on the modeling of STPP performance for 
different solar field technologies in (Patnode, 2006) (Fraser, 2008) and (Wagner, 2008). 

2.1.3. Cost and performance of systems 
The aims of this section is to provide a brief comparison of solar field technologies, based 
on performance criteria such as concentration ratio, useful temperature range and net 
efficiency. This section also give some information about LCOE for CSP plants and 
potential factors that can impact the LCOE. The performance comparison of solar field 
technologies is summarized in Table 1. 
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Table 1: Global comparison of solar field technologies (Platzer, 2010a) 

Technology Parabolic trough Linear Fresnel Central Tower Parabolic dish 
Concentration ratio C ≈ 70-120 C ≈ 60-90 C ≈ 500-1000 C ≈ 300-4000 
Temperature range T ≈ 300 – 500 °C T ≈ 200-400 °C T ≈ 500 - 1000 °C T ≈ 600-1200 °C 
Net annual solar  
to electricity 
efficiency 

η ≈ 12-14 % η ≈ 10-12 % η ≈ 10-15% η ≈ 14-18 % 

Typical nominal 
 power capacity 

50 to 400 MWel 1 to 30 MWel 5 to 200 MWel Dish : 5 to 25 kWel 

Heat transfer fluid 
Thermal oil 
Direct steam 

Thermal oil 
Direct steam 

Water/Steam,  
Air, Molten Salt 

Hydrogen 
Helium 

Land occupation 4 ha per MW 2.5 per MW up to 8 ha per MW c.a 4 ha per MW 
 
According to Pitz-Paal et al. (2007) the expected service lifetime of CSP plants should 
exceed 30 years. The levelized cost of electricity (LCOE), which includes actualized capital, 
operation and maintenance (O&M) costs, lies between 16 and 24 € cts/kWh for new CSP 
plants including thermal storage and between 24 and 30 € cts/kWh for CSP plants without 
thermal storage (ESTELA, 2010). These are general cost estimates for the current state of 
the art, regardless of solar field technology. LCOE depends on several factors, such as 
DNI, storage capacity, maturity of technology (learning effects), nominal power capacity 
(economies of scale), plant efficiency, etc. (ESTELA, 2010). In the future, CSP technology 
is expected to compete with conventional power generation thanks to economies of scale, 
implementation of major technological improvements, cost and efficiency optimization 
(ESTELA, 2010). Innovations in reflector materials could lead to substantial cost 
reductions. The improvement of reflector materials would not only impact their optical 
efficiency, but also the SCA structural design, leading to further savings (Kennedy & 
Terwiliger, 2005). 

2.1.4. Siting criteria for CSP projects 
This subsection lists the relevant siting criteria that lands must satisfy for CSP projects, 
based on (DLR MED-CSP, 2005), (Mehos & Owen, 2006), (Bustamente, 2009) and 
(Platzer, 2010b). The predominant criterion is the DNI level, as it directly impacts the 
energy yield and thus the LCOE. The minimum recommended DNI level is about 1,800 
kWh/m2.year (≈ 5 kWh/m2 per day) (DLR MED-CSP, 2005), while optimal sites should 
have a DNI level above 2,500 kWh/m2.year (Mehos & Owen, 2006). The DNI level can 
be assessed from satellite imaging techniques, existing databases or field measurements. It 
is preferable to have a long term record of DNI data to reduce variability (Platzer, 2010b). 
 
Another important criterion is related to available land area and topography. As outlined in 
Table 1, each solar field technology requires a certain land area, from 2 to 8 ha per MW. 
Moreover, optical accuracy is important for any solar field technology, so that a CSP 
project should be preferably sited on a flat surface, with an inclination at least lower than 
3% (Bustamente, 2009), if not lower than 1% (Mehos & Owen, 2006). The next criteria are 
related to accessibility: the site should have access to the electricity grid (high voltage line 
less than 10 km away) to avoid the cost of building transmission lines, the site should have 
water acess for cooling and cleaning, an access to natural gas distribution is recommended 
as well in case of a hybridized CSP plant. Last but not least, the site should be located in 
the vicinity of a road, for construction, operation and maintenance. 
 
Of course, there should be no conflict regarding the use of land: a CSP project cannot be 
sited in an urban area, a natural reserve or any kind of protected area. To facilitate the 
siting of CSP projects, one may use a Geographical Information System (GIS) to overlay 
different maps containing relevant information for each restrictive criterion in order to 
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filter potential locations (Platzer, 2010b). Once the potential locations have been identified, 
these sites may be ranked according to DNI level to assess the potential energy yield and 
financial viability of future CSP projects. The potential of CSP technology has already been 
assessed for some geographics regions (U.S.A: Fthenakis et al. (2009), India: Purohit & 
Purohit (2010), Australia: Clifton & Boruff (2010), Turkey: Kaygusuz (2011)). 
 

2.2 Reflector materials 
This second section describes reflector materials. First, relevant optical characteristics are 
introduced. Candidate reflector materials are then reviewed and compared. 

2.2.1. Optical characteristics 
As outlined in Section 2.1.2, the mirror specular reflectance directly affects the amount of 
absorbed solar radiation. The purpose of this subsection is to define specular reflectance as 
well as hemispherical reflectance, which are measured in the laboratory (Section 3.2.3) and 
weighted with a standard terrestrial solar spectrum (Appendix 2). 
 
In theory, the reflection of light by a surface is limited by two extreme cases: specular and 
diffuse reflection (Figure 3). In case of specular reflection, the incident light beam is 
reflected in one direction only. According to the laws of reflection, the incident and 
reflected beams lie in the same plane and both beams are symmetric with respect to the 
normal axis at the point of incidence on the surface, so that the angle of reflection φR is 
equal to the angle of incidence φI (φI = φR). In the case of diffuse reflection, the incident 
light beam is scattered isotropically in all spatial directions. In practice, the reflection 
coming from a surface is neither perfectly specular nor diffuse and the reflected radiation 
is thus a combination of both reflection modes, depending on the materials properties. 
Moreover, in the case of direct solar radiation, the incident light beam is not perfectly 
collimated, so that the reflection on a specular surface spread in a cone of aperture angle θ. 
 

 
 

Figure 3: Specular and diffuse reflection of light (Taylor, 2009) 

 
The magnitude of specular reflection is characterized by the specular reflectance ρspec, while 
the hemispherical reflectance ρhem characterizes the sum of specular and diffuse reflection 
magnitudes. The ratio of ρspec to ρhem is defined as the gloss index, which is equal to 1 for a 
perfect specular surface. The magnitude of reflected radiation is a function of wavelength λ 
(nm) and spatial distribution of the incident radiation (Duffie & Beckman, 2006). 
 
The function of concentrating solar collectors is to concentrate direct solar radiation onto 
a receiver, as mentioned in Section 2.1.2. This requires a surface exhibiting a high specular 
reflectance for any wavelength within the solar spectrum range. The solar weighted (SW) 
specular reflectance ρspec (SW, θ) can be measured with a spectral specular reflectometer 
(SSR). This instrument is currently in development (Sutter et al., 2010), so that ρspec (SW, θ) 
has to be approximated by (Eq. 2). 
 

φI φR 
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where ρspec (λ,θ) is the specular reflectance measured at a selected wavelength λ and at an 
aperture angle θ, ρhem (λ,θ=π) is the hemispherical reflectance measured at a single 
wavelength in the half upper plane of the reflector material, and ρhem (SW, θ=π) is the solar 
weighted hemispherical reflectance. This equation is based on the assumption that the ratio 
of specular reflectance to hemispherical reflectance is constant over the entire terrestrial 
solar spectrum, as well as the ratio at one wavelength interval (Meyen et al., 2009). 
 
For the hemispherical reflectance, the solar weighting operation is formulated in (Eq. 3): 
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where λi is the mid-wavelength of the wavelength interval ∆λi, Eλi is the solar irradiance 
fraction at the wavelength λi and E0-∞ is the cumulated solar irradiance in the wavelength 
range 250nm-2500 nm, typical of terrestrial solar radiation (Duffie & Beckman, 2006). 

2.2.2. Review of candidate materials 
The purpose of this subsection is to provide a brief state of the art of candidate materials 
considered for concentrating solar reflectors. As reflectors represent a significant part of a 
CSP plant capital cost, there is still ongoing research to develop low cost advanced 
materials with high specular reflectance that can resist in harsh environmental conditions 
(Kennedy & Terwiliger, 2005). According to the National Renewable Energy Laboratory 
(NREL, United States), a 5% loss in specular reflectance induces a 5% increase in LCOE 
(Kennedy, 2007). 
 
The fundamental idea for the design of specular surfaces is to use metals or metallic 
coatings on smooth substrates. The most interesting metals are respectively silver and 
aluminum. The solar specular reflectance can reach 96% for a new electroplated silver and 
91% for a clean and very pure aluminum plate (Duffie & Beckman, 2006). Without 
protective coatings, the durability of pure silver and aluminum is seriously compromised 
because of degradation effects caused by abrasion, oxidation, corrosion, soiling and so on. 
 
There are two main reflector configurations one can distinguish. The reflector material is 
considered as a first surface reflector if the metallic coating is deposited on the front 
surface of a substrate. If the metal is deposited on the back of a transparent material, then 
it is identified as a second surface reflector. The substrate for a first-surface reflector is 
chosen for its structural properties, while it is chosen for its weatherability in the case of a 
second-surface mirror (Bethea et al., 1981). 
 
Today, four main categories of reflector materials are available on the market: thick glass, 
thin glass, aluminized and silvered polymer reflectors. Thick and thin glass mirrors are 
typically second surface mirrors, while aluminized and silvered polymer mirrors are 
identified as first surface mirrors. Their respective architecture is illustrated in Figure 4 and 
their respective properties are discussed in the next paragraphs. 
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a) 
 
 

 

b) 

 

c) 
 
 

 

d) 
 
 

 
Figure 4: Architecture of candidate reflector materials (Kennedy & Terwiliger, 2005).  

a) Thick glass mirrors b) Thin glass mirrors c) Aluminized mirrors d) Silvered polymers. 
 
The architecture of traditional thick glass mirrors consists of four layers, as illustrated in 
Figure 4. a). A silver coating is deposited on the back surface of a low iron float glass by a 
wet chemistry process. The thickness of the glass is 4-5 mm. A back layer and a proprietary 
multilayer paint system are coated on silver to protect it from degradation. The back layer 
has been traditionally made of copper (Cu), to protect the silver reflective layer from 
tarnishing. In the past few years, new manufacturing methods have been developed to 
produce mirrors with a copper-free back layer because of the high cost of copper. The 
function of the multilayer paint system is to protect the back layer from abrasion and 
corrosion. In the past, the formulation paint coatings used to include lead pigments (Pb), 
but low-lead and lead-free paints with satisfying protective properties have been developed 
in the past years because of the environment and health concerns associated with lead 
(Kennedy & Terwiliger, 2005). According to the German company Flabeg, new multilayer 
paint systems consist of three layers: a base coating, an intermediate coating and a 
sandstorm resistant coating (Flabeg, n.d.). 
 
Thick glass mirrors have been first deployed in SEGS plants installed in California, USA 
during the 1980s and this type of reflector material is still used for recent CSP plants. The 
durability of this reflector material is now proven in the field for more than two decades. 
However, thick glass mirrors are heavy, fragile and difficult to curve. Moreover, this 
reflector material is quite expensive: the cost is estimated at $43.2- $64.8/m2 for large 
volume purchases from Flabeg (Kennedy & Terwiliger, 2005). In the recent years, many 
glass manufacturers such as Saint Gobain, Guardian Glass, Rioglass or AGC Glass have 
developed alternative thick glass materials for the solar industry and their weatherability 
has yet to be confirmed at the laboratory stage. The nominal hemispherical reflectance of 
thick glass mirrors (> 2 mm) lies between 93-94% (Kennedy, Terwiliger & Warrick, 2007). 
 
As the glass thickness affects both the amount of absorbed radiation in the glass and the 
mirror weight, thin-glass mirrors (< 2mm) have been recently developed, with copper- and 
lead-free paints, to increase the nominal hemispherical reflectance to 94-96% and reduce 
the reflector costs  to $16.1-$43.0/m2 depending on thickness, according to (Kennedy & 
Terwiliger, 2005). The other advantage of thin glass mirrors over thick glass mirrors is their 
reduced weight, that would positively influence structure costs. However, thin glass 
mirrors are even more fragile than thick glass mirrors and their durability has yet to be 
confirmed (Kennedy & Terwiliger, 2005). 
 
Aluminized reflectors have been investigated for CSP applications as an alternative to glass 
mirrors (Bradford, 1964), (Almanza, Muñoz & Mazari, 1992), (Almanza et al., 1995), 
(Fend, Jorgensen & Küster, 2000) and (Almanza et al., 2009). As illustrated in Figure 4. c), 
the architecture of aluminized reflectors consists of four layers: a reflective aluminium film 
is deposited by electrochemical methods on a polished aluminium substrate, an oxide 
enhanced layer made of SiO2 is applied to protect the reflective film from oxidation and a 
top protective overcoat covers the material. The nominal hemispherical reflectance is 
about 90% and the cost of Alanod mirrors is about $21.5/m2 (Kennedy & Terwiliger, 

Glass 

Silver 

Back layer 

Multilayer Paint System 

Glass 

Silver 
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Paint System 

Adhesive 
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2005). The durability of this type of reflector materials is still under investigation. 
According to the German company Alanod Solar (Braendle, 2010), first surface aluminized 
reflectors would present several competitive advantages over traditional glass mirrors, 
because aluminium is a lightweight, unbreakable, highly flexible material.  
 
Silvered polymers have also been considered as a candidate material for CSP mirrors 
(Czanderna & Schissel, 1986), (Neidlinger & Schissel, 1986), (Schissel, Neidlinger & 
Czanderna, 1987), (Susemihl & Schissel, 1987) and (Schissel et al., 1994). As illustrated in 
Figure 4. d), the architecture of silvered polymer mirrors consists of four layers: a base 
silver reflector is deposited on a flexible polymer substrate, a bonding layer is coated on 
the reflective layer for the adhesion with the ultraviolet (UV) screening superstrate, 
generally made of poly-methyl-methacrylate (PMMA), to which an additional top anti-
soiling and anti-scratching layer can be added (Kennedy, 2007). The durability of silvered 
polymers has been improved, especially under UV exposure (Kennedy & Terwiliger, 2005). 
The nominal hemispherical reflectance of silvered polymers reflectors is about 93-94%, 
which is similar to the performance of thick glass mirrors. Commercial silvered polymers 
are now proposed by 3M and Reflectech. The main advantage of silvered polymers is the 
material cost, which is estimated at less than $14/m2 for Reflectech film products 
(Kennedy & Terwiliger, 2005). Silvered polymers exhibit similar advantages as aluminized 
reflectors over second surface glass silvered mirrors: light weight, low breaking rate and 
flexibility. Silvered polymer mirrors can be supplied in roll, with a removable cover sheet 
used to protect the material until installation. Reflectech technology is now being tested on 
a few SCAs in SEGS VI (California, USA) to prove its durability (DiGrazia et al., 2009). 
 

2.3 Deserts and sandstorms 
As mentioned in the introduction, SCAs are potentially threatened by sandstorms: on the 
one hand, DNI radiation is an important criterion for the optimal siting of CSP projects 
(Section 2.1.4), on the other hand DNI levels are high in arid and semi-arid desertic 
regions, where sandstorms are frequently occurring, due to the local absence of vegetation 
(UNCCD et al., 2001). The purpose of this third section is to describe the physics of 
sandstorms, to list their measurable characteristics and also to establish a classification of 
sandstorms, based on scientific literature. 

2.3.1. Physics of sandstorms 
The study of sandstorms starts with the definition of sand and wind properties and it 
continues with the investigation of sand grains behavior in the air, as well as the interaction 
between sand movement and wind properties. The ideas introduced in this subsection are 
substantially based on the description of blown sand physics developed by Bagnold (1954). 
 
a. Definition of sand and atmospheric dust 

The first step in understanding the formation of sandstorms is to study the sedimentary 
composition of soils, as they provide the source material of sandstorms. The soil texture 
consists of various mineral granular particles, which can be classified in different 
categories, based on their size and composition. 
 
Although the exact classification of particle sizes varies between national geological 
services, one can at least distinguish four main categories of sediments: gravel, sand, silt 
and clay. According to the Wentworth grade scale (Appendix 3), the diameter of sand 
particles varies from 62.5 µm to 2 mm and can be classified into five types, from fine sand 
(62.5-200 µm) to coarse sand (0.5-2 mm). According to the same classification, gravel 
particle diameter ranges from 2 to 64 mm, silt particle diameter varies from 4 to 62.5 µm 
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and clay particle diameter varies between 1 and 4 µm. Nonetheless, the distinction between 
sand and smaller particles (clay, silt) and larger particles (gravel or pebble) remains fuzzy.  
 
For the study of sandstorm physics, it is necessary to consider the forces acting on a single 
grain. A single grain falling in the air is subject to two forces. These forces are respectively 
the acceleration of gravity, acting downwards, and the resistance of air, acting in a direction 
opposite to the particle motion. While gravity is proportional to the object density and 
volume, the resistance of air depends on the shape of the object (drag coefficient), the area 
exposed to the air and its velocity through the air. The acceleration of gravity and the 
resistance of air are balanced at equilibrium, so that according to Newton’s laws, the object 
speed reaches a constant value. This constant value is known as the terminal velocity of fall 
(Bagnold, 1954). As granular materials of same average size have irregular shapes, the 
terminal velocity may vary for similar particles. It is assumed that these particles have a 
spherical shape, so that particles of similar diameter have a similar terminal velocity of fall. 
 
As discussed in (Bagnold, 1954), air movement is always turbulent in the atmosphere and 
the direction of the wind is never constant. The internal air movements, or eddies, 
circulate in all possible directions. During a storm, the loose mineral particles removed 
from the soil are transported further in the air by upward wind components. If the 
terminal velocity of fall is lower than the magnitude of upward wind components, the 
particles will be carried further and may stay in suspension. Otherwise, particles will remain 
close to the ground. As terminal velocity of fall depends on particle size, it is possible to 
derive a physical definition of sand (Bagnold, 1954, p.6): 
 
 “ We can thus define the lower limit of size of sand grains, without reference to their shape and material, 
as that at which the terminal velocity of fall becomes less than the upward eddy currents within the average 
surface wind. […] The upper limit of sand size is that at which a grain resting on the surface ceases to be 
movable either by the direct pressure of the wind or by the impact of other moving grains.” 
 
For a threshold surface wind speed of about 5 m/s, Bagnold estimates that the lower limit 
size of sand grains is about 0.2 mm. Based on the Wentworth grade scale (Appendix 3), 
fine sand, silt and clay are thus likely to be the main component of atmospheric dust. 
 
The mineralogic composition of sand, silt and clay varies significantly from region to 
region, but the bulk minerals in terms of weight are by decreasing order: quartz (or silicon 
dioxide, SiO2), Aluminum oxide (Al2O3) and Ferric oxide (Fe2O3). This is explained by the 
abundance of these chemical elements on Earth and their resistance to weathering and 
erosion processes, which cause the degradation of rocks (Bagnold, 1954). In theory, quartz 
is the prevalent mineral in sands, because of its high hardness. 
 
b. Grain shape and size distribution 

In the previous subsection, granular particles were assumed to have a spherical shape. This 
can be considered as a valid assumption, as discussed next. The particle size distribution of 
sand grains is usually measured with a series of sieves, each having a known size of 
aperture. The mean dimension of a grain is equal to “the midpoint between the size of the aperture 
of the sieve through which the grain will just pass and the one of the next sieve which will retain the grain” 
(Bagnold, 1954). The equivalent diameter of a grain is then obtained by multiplying the 
mean grain dimension by a shape-factor, typically equal to 0.75 for deserts (Bagnold, 1954).   
 
This model has been validated experimentally with a sample of sand from the Western 
desert of Egypt, as illustrated in Figure 5. The horizontal axis indicates the time of fall in 
seconds and the vertical axis indicates the equivalent grain diameter, according to the 
model described above. The smooth curve represents the case of ideal quartz spheres and 
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the dots represent the measurements obtained with actual grain sizes. As one can observe 
on Figure 5, there is a good fit between the theoretical model and the measurements, thus 
validating the assumption of sphericity and the prevalence of quartz for sand grains.  It is 
also worth observing that the time of fall of small particles (below 0.2 mm) tends towards 
infinity, thus indicating that silt and clay are likely to stay longer in suspension than fine 
sand during sand storms. 
 

 
Figure 5: Experimental derivation of the sand grain shape factor (Bagnold, 1954, p.4) 

 
The next relevant discussion point concerns the distribution of particle sizes. Particle size 
distributions and sand grading diagrams have been first described and modeled by Bagnold 
(1954). For regular sands, the particle size follows a log normal distribution, characterized 
by a peak diameter, a coarse-grade coefficient and a fine-grade coefficient. In reality, 
aeolian processes (i.e the activity of wind) tend to mix so called regular sands, but a peak 
diameter can still be identified. This peak diameter tend to vary from region to region 
(U.S.A: Chepil & Woodruff, 1957b), (Egypt: Sowelim, 1983), (Israel: Ganor & Foner, 
1996), (East Asia: Yu et al., 2006). 
 
c. Surface wind characteristics 

Surface wind is the cause of sand removal, transportation and deposition in sandstorms. 
Even though the wind direction and magnitude are never constant, it is possible to 
describe the distribution of wind velocity with regard to height by a logarithmic model, 
because of the turbulent nature of air movements (Bagnold, 1954). The wind velocity v 
distribution with regard to the height z above ground can be modeled as in (Eq. 4). This 
model does not take into account the interaction of wind with sand movement. The 
interested reader is invited to read (Bagnold, 1954) to learn more about this interaction. 
 

k

z
Vzv log..

4

23
)( *=  Eq. 4 

 
where V*  is velocity gradient or drag velocity, k is the roughness coefficient and the 
constant 23/4 arises from Prandtl’s theory (Bagnold, 1954). It is worth noting that the 
roughness coefficient depends on the size of surface irregularities. If the surface consists 
of immovable sand grains, the roughness coefficient k is about 1/30 the diameter of the 
sand grains. The wind velocity will consequently decrease if the surface texture changes, 
for instance from fine sand to pebble stones. 
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d. Modes of sand transportation 

There are three known modes of sand transportation: saltation, creeping and suspension. 
Saltation is the predominant transportation mode and it has been thoroughly investigated 
with wind tunnel experiments, for instance in (Zou et al., 2001), (Dong et al., 2002) and 
(Dong et al., 2003). Saltation occurs near the sand bed (usually below 1 m, depending on 
the sand bed characteristics). Sand grains follow a near parabolic path and this motion is 
both initiated by granular impacts and direct wind pressure. Bagnold (1954) distinguishes 
two wind velocity thresholds for saltation: the impact and the fluid threshold. Once the 
wind velocity reaches the impact threshold, the saltation caused by granular impacts is self 
sustained. The fluid threshold is higher than the impact threshold: beyond this wind 
velocity, the surface grains from the sand bed begin to roll. Both threshold values depend 
on the grain size (Bagnold, 1954). 
 
Creeping is the second transportation mode for sand and it occurs at the surface of the 
sand bed. Creeping is caused by the friction energy lost from saltating grain impacts that is 
dissipated into the sand bed, not from the direct wind pressure. Suspension is the last 
transportation mode that only affects particles of small size, typically clay, silt and also fine 
sand, but not medium or coarse sand. It occurs when the upward eddies currents have a 
larger magnitude than the terminal velocity of fall of particles, as discussed previously. The 
particles carried in suspension then travel at the same velocity as the air (Bagnold, 1954). 
 
Before continuing the discussion on sand storms in the next subsections, it may be worth 
to make a distinction between dust and sand storms, because both terms are often used in 
a flexible manner in the literature. According to the military standard MIL-STD-810 G 
(2008), the difference lies in the size of particles that are carried during the storm: a dust 
storm carries dust, i.e particles with a diameter smaller than 150 µm (i.e. clay, silt and also 
very fine sand according to Wentworth grade scale (Appendix 3)), while a sand storm 
carries sand, i.e particles whose diameter is between 150 and 850 µm (fine, medium and 
coarse sand according to the same particle size classification). According to Bagnold 
(1954), a sand storm is characterized by a “sand cloud gliding over the surface like a moving carpet” 
and a dust storm is characterized by a “mist of both dust and sand clouds with a clear distinction, 
where the sand cloud may reach 2m if the ground is composed of coarse grains or pebble stones”. In both 
cases, the sand cloud dissipates quickly when the wind drops, while the dust cloud may 
stay in suspension. In this report, the terms “dust storm” and “sand storm” are considered 
as synonyms and no distinction is made between both expressions. 
 
2.3.2. Classification of dust/sand storms 

Dust and sand storms are meteorological events related to the process of desertification 
and they are mainly due to the degradation of land vegetation (UNCCD et al., 2001). 
Desertification is both a cause and a consequence of climate change. On the one hand, 
atmospheric dust affects the Earth radiation budget (Harrison et al., 2001), (Sateesh & 
Moorthy, 2005). On the other hand, climate change increases stresses on the environment 
and reinforces desertification (Yang et al., 2007). According to the United Nations 
Environment Program (UNEP), climate change, desertification and biodiversity are the 
main environmental threats of the 21st century (UNCCD et al., 2001). 
 
Visibility is the main indicator used in the literature to evaluate the severity of dust and 
sandstorm events. Even though the classification of dust storm events varies between 
national weather services, there is a consensus to define dust storms as meteorological 
events where the visibility is reduced to less than 1 km, as described in Table 2. 
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Table 2: Classification of dust storm events by visibility (Shao & Dong, 2006) 

Dust storm event Description 

Dust in suspension 
“Widespread dust in suspension, not raised at or near the station at 
the time of observation, visibility is usually not greater than 10 km.” 

Blowing dust 
“Raised dust or sand at the time of observation,  
visibility reduced to 1 to 10 km.” 

Dust storm 
“Strong winds lift large quantities of dust particles,  
reducing visibility to between 200 and 1000 m.” 

Severe dust storm 
“Very strong winds lift large quantities of dust particles, 
reducing visibility to less than 200 m.” 

 
Wind velocity could also be considered as another useful severity indicator of dust storms. 
In meteorological stations, the Beaufort wind force scale (Appendix 4) is often used to 
describe the wind velocity magnitudes. The correlation between visibility and wind force is 
outlined in Table 3 (UNCCD et al., part 1, chapter 2, 2001). However, there is no clear 
proportionality between the visibility and the wind velocity (Chepil & Woodruff, 1957a), 
(De Villiers & Heerden, 2007). 
 
Table 3: Classification of dust storms (UNCCD et al., part 1, chapter 2,  2001) 

Dust storm 
category 

Visibility 
range 

Beaufort scale 
Wind 
velocity 

Feeble 500 – 1000 m Force 6 – 7 11 – 17 m/s 
Moderate 200 – 500 m Force 8 17 – 21 m/s 
Strong 50 – 200 m Force 9 21 – 25 m/s 
Extreme < 50 m Force 10, 11, 12 (max) > 25 m/s 

 
In order to assess the environmental risk associated with sandstorms, it is also important 
to consider the frequency of dust storm events. McTainsh et al. (2005) developed a dust 
storm index (DSI), which is used to identify the regions that are most exposed to dust and 
sand storms in Australia, based on local weather data. The DSI is formulated in (Eq. 5): 
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where n corresponds to the number of dust events recorded in a region for a given time 
period, SD is the number of hours corresponding to severe dust storms recorded (visibility 
less than 200 m), MD is the number of hours corresponding to moderate dust storms 
(visibility between 200 and 1 km) and LDE is the number of hours corresponding to local 
dust events (visibility between 1 and 10 km). It is worth noting that DSI is a dimensionless 
index that gives an estimation of the sandstorm risk, based on frequency and severity. 
Severe dust storms are given a higher weight coefficient (w=5) in the DSI formula than 
moderate dust storms (w=1) and local dust events (w=0.05). 

2.3.2. Recording of dust/sand storms 
The purpose of this subsection is to list the most relevant characteristics of sandstorms 
and identify some suitable measurement systems that are required to characterize 
sandstorms. Based on measurement campaigns carried out in different desert regions, it 
would be possible to correlate the results of indoor accelerated ageing tests of CSP 
components with realistic environmental conditions. 
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a. Measurable characteristics 

Dust and sand storm events can be characterized by a set of properties: (a) wind speed and 
direction, (b) dust/sand composition, (c) visibility or dust/sand concentration and (d) 
duration and frequency of dust/sand storm events. 

As discussed in the previous section, the severity of dust storm events depends on the 
wind speed, as stronger winds can potentially remove and transport a larger mass of 
dust/sand. Thus it is important to gather information about the properties of surface wind 
at a given site. The wind speed should be measured at different heights, to establish a wind 
speed profile, which could be compared with the logarithmic model (Eq. 4). The wind 
speed should preferably be measured at heights that correspond to SCAs dimensions in 
CSP projects. The direction of wind speed should also be considered, to determine the 
predominant origin of sandstorms. It is worth to note here that solar fields are installed to 
track the sun path most efficiently. For instance, parabolic troughs are generally aligned 
according to the east-west direction and rotate around a horizontal axis. The orientation of 
predominant sandstorms should be compared to the orientation of the solar field to 
estimate the potential damage and design effective protection mechanisms. 
 
The study of sandstorm characteristics should also include information about the dust 
and/or sand composition. Both particle size distribution and mineral composition should 
be measured, in percent of the dust/sand sample weight. Both characteristics could 
influence the potential damage on solar reflectors: particle size would influence the severity 
of impacts on the reflectors and mineral composition would influence the abrasive power 
of dust/sand. According to the U.S. military standard MIL-STD-810 G, there are 90 
deserts in the world, sand composition is thus expected to vary significantly from location 
to location. Ideally dust and/or sand should not only be sampled from the soil, but also at 
different heights to investigate the variation of particle size distribution and include the 
influence of wind speed on these variations (Liu & Dong, 2004). 
  
As discussed in Section 2.3.2, the main indicator of dust/sand storm severity is visibility. 
Visibility is a characteristic that can be by a meteorological optical range (MOR) (World 
Meteorological Organization, n.d.) and which is often measured at airport weather stations 
(De Villiers & Heerden, 2007). However, visibility cannot be measured accurately during 
indoor sandstorm simulations. Visibility measurements can only be correlated with mass 
concentration (g/m3). Mass concentration-visibility correlations were derived in the U.S.A 
(Chepil & Woodruff, 1957a) (Patterson & Gillette, 1977) (Hagen & Skidmore, 1977) and 
are generally described by a power law, as formulated in (Eq. 6): 
 

CVM =χ.  Eq. 6 

 
where M is the mass concentration (g/m3), V is the visibility range (in km), C is a constant 
and χ is a power coefficient. Chepil & Woodruff (1957a) derived this correlation to 
estimate the rate of soil removal from wind eroded areas. Their study also investigated the 
particle size and concentration profiles. Particle size and mass concentration were found to 
decrease exponentially with regard to height. Patterson & Gillette (1977) compared 
different concentration-visibility correlations and concluded that there was no single 
constant value C that was generally applicable (Table 4), as wide variations were observed 
depending on soil conditions and wind speed. The use of these correlations is thus not 
recommended for dust and sandstorm simulations, as the correlation varies both with 
location and time. For accelerated aging studies, mass concentration should be measured 
carefully at different heights in outdoor exposure test campaigns. 
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Table 4: Mass concentration - visibility correlations (McTainsh et al., 2005) 

Reference Correlation 
Chepil & Woodruff , 1957a : V= 7078 C-0.8 
Patterson & Gillette, 1977: V= 10507 C-0.935 

 
Last but not least, the recording of sandstorms should also include information about the 
duration of sandstorms (number of hours) and the frequency of sandstorms (number of 
days per year). These characteristics have been investigated for different regions, for 
instance in Mongolia (Natsagdorj, Judger & Chung, 2003), in China (Qian, Tang & Quan, 
2004) and in Turkmenistan (Orlovsky, Orlovsky & Durdyev, 2005). Liu & Park (2007) 
investigated the distribution of sandstorm occurrence frequency against their duration in 
China from 1960 to 2000 and derived a universal model (Eq. 7): 
 

tBAn .log −=  Eq. 7 

 
where n is the number of dust/sand storm occurrences with duration time greater than t, 
A and B are regression coefficients that are assumed to be site dependent. 
 
b. Measurement systems 

There are two types of measurement systems that can be used to study dust storm events: 
satellite imaging techniques and field measurement instruments. Satellite imaging 
techniques are already implemented for the prediction of dust storm events, as discussed in 
(Huang, Ge & Weng, 2007). Field measurement instruments are installed at weather 
stations to study sandstorm characteristics, as described in a previous paragraph. 
 
Field measurement systems have been described for instance in (Chepil & Woodruff, 
1957a), (Barriger, 1978) and (Gillies et al., 2005). A simple measurement system would 
consist of a tower on which several anemometers and a visibility measurement instrument, 
such as a transmissometer (World Meteorological Organization, n.d.), are installed to 
measure respectively wind direction, wind velocities at different heights and visibility or 
meteorological optical range. All instruments would be connected to a data logger 
connected to a central processing unit and additional instruments may be installed for the 
monitoring of general weather data (temperature, pressure, solar radiation). 
 
However, as discussed in the previous subsection, visibility measurements cannot be used 
for sandstorm simulations in the laboratory and mass concentration – visibility correlations 
depend from site to site. Thus it may be required to use air sampling sand traps to measure 
dust/sand concentrations at different heights (Ellis et al., 2009) instead of using visibility 
measurement instruments As dust storm events are naturally episodic, the use of sand 
traps would require a careful operation and maintenance of the measurement system, as 
these would need to be emptied and cleaned after each significant dust storm event. The 
collected dust/sand would be weighted and then sieved to analyze particle size distribution 
and determine an average concentration for each sampling volume. 
 

2.4 Abrasion of materials under sandstorm condition s 
As mentioned in the introduction, sandstorms are a potential source of soiling (or dust 
accumulation) and surface abrasion for solar reflector materials. While dust deposition can 
be removed by favorable weather conditions (wind, rain) or by appropriate cleaning, 
surface abrasion is a non reversible degradation that affects both the mechanical and 
optical properties of solar materials. This last section is a review of publications related to 
the topic of degradation of materials performance by dust deposition and surface abrasion. 
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2.4.1. Testing of solar reflectors 
The first investigation of sandstorm effects on solar mirrors was based on outdoor 
measurements performed in West Texas (U.S.A). Eight samples of different candidate 
solar mirrors, including first and second surface types, were installed at Crosbyton Airport 
and at a local radio transmitter tower, respectively at 2 m and 30 m above ground level and 
facing different wind directions. Meteorological data was collected and the dust storm 
activity was recorded from 1977 to 1979, with an unsuccessful attempt to define the 
vertical profile of dust concentration during dust and sand storms (Barriger, 1978). The 
degradation of solar mirrors was observed at regular time intervals and assessed both 
qualitatively by a visual inspection, using a damage scale with 9 levels (Table 5), and 
quantitatively by measuring both the specular reflectance loss and the damage area, using 
scanning electron microscopy for the latter characteristic. The only material that resisted to 
sandstorm abrasion was Carolina glass mirror (second surface silver mirror, thick float 
glass). All other reflector materials failed, because of blistering, cracking, pitting or 
warping. Cleaning methods to remove dust deposition were also investigated in (Barriger, 
1978), (Cooper, 1980), (Morris, 1980) and (Bethea et al., 1981). 
 
Table 5: Visual inspection damage scale for solar mirrors (Barriger, 1978) 

Level Damage Level Damage 
0 No visible change 5 Very heavy dust accumulation 
1 Very faint dust film 6 Fine scratches 
2 Slight dust film 7 Dust (any amount) and scratches 
3 Significant dust film 8 Cracks or crazing 
4 Heavy dust layer 9 Failure for any reason 

 
The initial outdoor exposure test campaign laid the foundation for the design of a dust 
storm chamber, to simulate dust/sand storms and test candidate solar mirrors in 
accelerated conditions (Collier, 1980), (Bethea, Collier & Reichert, 1983), (Cooper, 1985). 
A worst case approach was adopted for the dust storm chamber design: based on 
meteorological records and field measurements. The worst case wind speed and the mass 
median particle were respectively set to 120 km/h and 11 µm (Collier, 1980). Assuming 
that surface abrasion is proportional to particle kinetic energy, the wind speed was set to 
24 km/h for a mass median particle of 32 µm, typical of the local test dust sample (Collier, 
1980). These values were slightly revised after a re-design of the dust storm chamber, 
performed to improve the uniformity of velocity and dust concentration profiles (Cooper, 
1985). Based on historical dust storm activity records, the number of dust hours was first 
estimated to 223 hours for West Texas (Barriger, 1978) and this value was revised to 112 
hours per year (Cooper, 1985). Based on the first value (i.e. 223 hours) and outdoor 
exposure measurements of solar mirrors (Barriger, 1978), it was estimated that a 20 year 
service life could be simulated by 80 hours exposure in the dust storm chamber (Collier, 
1980), (Bethea, Collier & Reichert, 1983). 
 
Collier (1980) studied the degradation of Carolina glass mirrors in the dust storm chamber, 
for different wind speed levels. It was observed that the loss of reflectance L per unit area 
was related to the momentum transport and the kinetic energy of dust particles (Eq. 8). 
 

2.... vBvAkL σσ ++=  Eq. 8 

 
where σ is the total mass of dust per unit area , v is the wind speed, A and B are empirical 
regression coefficients, and k is a constant accounting for degradation due to all non-
duststorm factors. The annual reflectance loss caused by dust storms and other factors 
were respectively estimated to 2.4 % and 1.4%. 
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Cooper (1985) screened the degradation of 12 different second surface glass mirrors under 
dust storm conditions. The reflectance was measured at regular time intervals ∆t for a 
fixed wind speed and a fixed sand mass rate. It was observed that the loss of reflectance 
decreased exponentially over exposure time. This model is formulated in (Eq. 9): 
 

[ ]).exp(1.)( tBAtL −−=  Eq. 9 

 
Where t is the exposure time in hours, L is the loss of reflectance, A and B are regression 
coefficients that are material dependant. The regression coefficient A should here 
correspond to the initial specular reflectance before exposure, while the regression 
coefficient B should characterize the rate of degradation. 
 
Pettit & Freese (1980) studied the wavelength dependent scattering caused by dust 
deposition on different solar reflector materials, including a second surface silvered float 
glass, two aluminized films and a roll polished aluminum sheet. Both specular and 
hemispherical reflectances were measured. After outdoor exposure, the loss in specular 
reflectance was observed “to be five times more significant than the hemispherical reflectance loss, 
indicating that the dust film on the mirror was more efficient in scattering than absorbing radiation”. 
Deffenbaugh, Green & Svedman (1986) investigated the effect of dust accumulation on 
the performance of parabolic trough collectors. The focus was to derive a dust correction 
factor for the optical efficiency to predict the thermal efficiency of parabolic trough 
system. Exposure tests were conducted at six different sites in the USA. The effects of 
wash frequency and optical degradation rate on the dust correction factor were analyzed. 
Both studies only focused on dust deposition, not surface abrasion.  

2.4.2. Testing of other materials 
The degradation of optical properties caused by dust deposition and surface abrasion has 
been studied for other materials and components, such as photovoltaic modules and solar 
thermal collectors. This subsection intends to provide a brief review of these studies. 
 
Said (1990) analyzed the effect of dust deposition on the performance of thermal and 
photovoltaic flat plate collectors exposed in Saudi Arabia, in an environment described 
both as desertic and maritime. The average efficiency degradation was 7% per month for 
PV modules and ranged between 2 and 7% per month for thermal collectors, indicating 
that dust deposition had a significant effect in these regions. 
 
Thornton (1992) studied the effects of sandstorms on PV arrays and components. The 
region of interest was Southwestern United States, where severe and moderate sandstorms 
occur respectively about twice per year and four times per year. Thornton observed that 
the transport at sand grains above a height of 1.5 m is not common but possible, because 
saltation is the principal transportation mode for sand (Bagnold, 1954). Based on this 
observation, the recommendations addressed to system designers were to raise the PV 
array above the “saltating curtain” or to use anti-soiling coating to protect the glass cover. 
The elevation of the PV array above the saltating curtain would require to design a more 
resistant structure to wind loading, which may not be economical and would have to be 
compared with the cost of abrasion resistant coatings. 
 
Goossens, Offer & Zangvil (1993) and Goossens & Van Kerschaever (1999) investigated 
the influence of dust deposition on PV modules. The PV modules were both exposed in 
outdoor conditions and in a wind tunnel, where the wind speed and dust concentration 
were controlled and set at different levels. Dust deposition mechanisms observed in 
outdoor measurements could be reproduced in wind tunnel experiments during the first 
test campaign (Goossens, Offer & Zangvil, 1993). During a second test campaign, both 
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wind velocity and airborne dust concentration were varied, one factor at a time (Table 6). 
The drop in the PV cell efficiency increased at high wind speeds and also at high 
concentrations. However, the interaction between wind velocity and dust concentration 
was not investigated in details. Moreover, the wind velocity range was not representative of 
a dust storm, where the threshold wind lies around 6 m/s (Thornton, 1992), depending on 
vegetation and soil composition. The sediment consisted of 95% silt (2-63 µm) and 5% 
clay (< 2µm) so abrasion by fine sand particles could not be observed. 
 
Table 6: Exposure test campaign (Goossens & Van Kerschaever, 1999) 

Experiment Wind velocity Dust discharge Dust concentration 
[m/s] [kg/h] [g/m3] 

1 0.63 20 2.25 
2 1.37 20 2.25 
3 1.86 20 2.25 
4 2.59 20 2.25 
5 1.86 15 1.69 
6 1.86 10 1.13 
7 1.86 5 0.56 

 
Bouaouadja et al. (2000) studied the effect of surface abrasion on the efficiency of PV 
modules. PV modules were exposed to sand in a sand blower apparatus. The test sand was 
sampled from the south of Algeria, the grain shape was approximately spherical and the 
particle diameter ranged from 95 to 780 µm (no dust). The air velocity was controlled to 20 
m/s, the sand feed rate was 1.54 g/s and the sample was oriented perpendicular to the 
sand jet stream. The duration of exposure tests was 300 minutes. The transmittance and 
the roughness of the cover glass were measured first before the experiment started and 
then after every 60 minutes of exposure. The transmittance was observed to decrease 
exponentially with the time of exposure, thus affecting the efficiency of the PV module. 
 
Bousba et al. (2009) investigated the degradation of a vehicle wind shield exposed to 
sandblasting in the Sahara. 25 samples (10mm x 10mm x 5mm) were taken from a double 
sheet glass used for two years in the south of Algeria. The transmittance and the roughness 
of the glass were measured and the damage flaws were described (number per surface unit, 
size distribution, morphology) using a microscope. Surface degradation was assumed to be 
induced by the cumulative impact of small particles, the particle kinetic energy being the 
most relevant factor governing erosion, as confirmed in (Wood, 1999). 
 
Finally, sand abrasion of glass was also investigated in a wind tunnel (Wang et al., 2010). 
The focus of this study was to analyze the vertical distribution of abrasion rate and sand 
transport, within the so called saltating curtain (less than 50 cm height). The test sand 
consisted of 19% fine sand, 68% medium sand and 13% coarse sand and was extracted 
from a desert in China. Abrasion tests were conducted at a wind speed of 18 m/s for 20 
minutes and a segmented sand sampler (or sand trap) was used to measure sand transport 
at regular intervals. The abrasion of glass was analyzed by taking photographs of the front 
surface at 1, 2, 4, 8, 12, 16 and 20 minutes. The number of abraded patches was observed 
to increase linearly with time and the total abraded area was observed to increase 
exponentially in the same time interval ∆t. 
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3 Methodology 
As stated in the introduction, the aim of this research project is to study the accelerated 
aging of solar reflector materials under sandstorm conditions. This chapter focuses on the 
description of the accelerated ageing testing methodology. First, the philosophy of service 
lifetime prediction is presented. Relevant standards for accelerated exposure testing are 
then introduced. The experimental equipment and measurement procedures are described 
next. Finally, the planning of the accelerated ageing test campaign is detailed. 
 

3.1 Durability assessment 
As mentioned in the introduction, the principle of concentrated solar thermal power is to 
use an optical device such as a reflector to focus direct normal irradiation (DNI) on a 
receiver to heat a fluid. The available thermal energy consequently increases for a larger 
solar field. As the solar field accounts for a significant share of the initial capital cost, it is 
important to design low cost solar reflector materials with high performance and long 
durability. Performance is principally characterized by reflectance, as explained in Section 
2.2.1. The experimental measurement of reflectance values is discussed in Section 3.2.3. In 
this first section, the focus is on the definition of relevant durability concepts. 
 
Durability is generally characterized by a predicted service lifetime, expressed in years. 
However service lifetime prediction is a complex task, as several degradation factors can 
act in synergy to cause material degradation. Moreover, service lifetime prediction relies 
both on experimental and operational observations. The first subsection aims to familiarize 
the reader with the important concepts used in durability assessment. Accelerated aging 
and outdoor exposure testing are discussed in the next subsections. 

3.1.1. Durability concepts 
A comprehensive durability assessment study is based on a systematic and inductive 
approach, such as the failure mode, effects and criticality analysis (FMECA). This method 
can be helpful to rank failure modes and identify environmental stresses. The first step is 
to perform a functional analysis to answer the following questions: 

• What is the system? What are its boundaries ? 
• What is the lifecycle profile of the system ? 
• With which elements does the system interact At each step of the lifecycle profile ? 
• Which functions must the system satisfy in its environment ? 

 
Functional analysis is a systemic approach that can be applied to a system, a component or 
a material to define an exhaustive catalog of requirements. For instance, if one performs a 
functional analysis on solar reflectors, the lifecycle profile includes manufacturing, 
packaging, shipping, storage, installation, operation and maintenance and disposal. If one 
focuses on service use (operation and maintenance), one can observe that the solar 
reflector will interact with the outdoor environment, the direct normal irradiation (DNI), 
the support structure, the absorber, the operator and also cleaning agents (Appendix 5). 
The service function can then be defined as follows: “the reflector concentrates solar 
radiation onto the absorber”. The next step is to characterize this service function, as 
precisely as possible: for instance, the solar reflector is expected to have a solar weighted 
specular reflectance above 90%, the DNI level should be above 2,000 kWh/m2/year and 
the absorber should reach a certain temperature under steady state conditions. At this 
point, it is important to remark that functional analysis could be used to define optical as 
well as mechanical requirements for solar reflectors. 
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Once a functional analysis has been performed, one specific function can be isolated and 
its degradation can be analyzed in details. This project focuses on the degradation of 
reflectance of solar mirrors; the function of interest is thus the service function stated in 
the paragraph above:“the reflector concentrates solar radiation onto the absorber”. 
This service function is characterized by one main performance criterion, directly related 
to the CSP system performance: the solar weighted specular reflectance, as defined in 
Section 2.2.1. 
 
Under operating conditions, the service function of the solar reflector tends to degrade 
because of various environmental stresses (or loads), such as high temperature or humidity 
levels, acid and/or saline rains, UV radiation, dust/sand storms, hailstorms, and so on. 
These environmental stresses may impact the reflector performance in a synergistic 
fashion. The function degradation is characterized by a loss of performance. From an 
economic point of view, this performance loss generates a penalty. According to NREL 
(Kennedy, 2007), if specular reflectance decreases by 5%, then LCOE is expected to 
increase by 5% for a CSP plant. A performance requirement could be defined for each 
performance criteria. This performance requirement or tolerance sets the acceptable 
penalty level and is used as a basis to define component or material failure (Carlsson, 
2004a). Failure occurs when the performance requirement is no longer fulfilled. For 
specular reflectors, there is currently no quantitative definition of the lowest acceptable 
specular reflectance. According to NREL (Kennedy, 2007), if solar reflectors are expected 
to exhibit a service lifetime between 20 and 30 years, the non reversible loss of reflectance 
should be lower than 0.2%/year, assuming that the loss of reflectance is linear over time. 
This would correspond to a total loss of 5% for a 25 years service lifetime. 
  
Once failure has been defined accurately, a failure mode analysis can be performed, to 
derive a checklist of potential damage modes, define associated degradation indicators, 
identify degradation mechanisms and also environmental degradation factors (Carlsson, 
2004a). Each potential damage (or failure) mode corresponds to a risk, which can be 
assessed by a risk probability number noted RPN. This is defined according to (Eq. 10):  
 

DO PPSRPN ..=  Eq. 10 

 
Where S corresponds to the severity of the risk, PO is the probability of occurrence and PD 
is the probability of detection. The severity S is a measure of the consequence of a 
degradation mode (for instance abrasion or soiling). The probability of occurrence PO is a 
measure of the expected frequency of the damage mode during the design service life. 
Finally, the probability of detection PD indicates how probable it is to detect the damage 
mode before failure actually happens. All three factors mentioned above are usually rated 
on a ten degree scale (Appendix 6). These ratings are qualitative, the risk assessment thus 
require experience with the considered material, component or system. This qualitative 
evaluation is helpful to identify the critical failure modes that need to be investigated in 
priority and it can be used as a basis to define suitable durability tests. 
 
Two types of durability tests can be identified at this stage: screening and qualification 
testing. Screening testing is generally performed first to confirm the results of the initial 
failure mode analysis by investigating which stress factors contribute to deterioration in 
performance. Qualification testing is performed to assess the resistance of a component or 
a material under certain environmental stress loads. Two cases are generally distinguished 
at this point, (a) resistance to the short term influence of exposure to high environmental 
stress loads and (b) resistance to the long term influence of exposure to environmental 
stress loads. In case (a), catastrophic failure is likely to occur while gradual degradation is 
expected to be observed in case (b) (Carlsson, 2004b). 
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An important issue in designing qualification testing thus consists in specifying the severity 
of environmental stresses. For the first case mentioned above (short exposure to high 
environmental stress load, catastrophic failure), one can use the IEC 60721 standard as a 
starting point to characterize the severity of environmental parameters. The IEC 60068 
standard related to environmental testing is a companion standard that focuses more 
specifically on test methods. The military standard MIL-STD-810 G (U.S DOD, 2008) is 
also useful to tailor environmental tests. The MIL-STD-810 G specifications related to 
dust and sandstorm environments will be developed in the next subsection. According to 
IEC 60721, the severity of one environmental factor is defined as the maximum value to 
which the product may be exposed and it generally represents conditions that will be 
exceeded with 1% probability. However, the classification of environmental parameters 
does not provide information about the time distribution of the stress factor (Carlsson, 
2004b). For the second case mentioned above (long exposure to environmental stress load, 
gradual degradation), an appropriate accelerated test procedure has to be tailored. 
 
The key challenge in tailoring an appropriate accelerated test is to reproduce degradation 
caused by expected in-service environmental conditions, at enhanced stress levels 
(Carlsson, 2004c). For service lifetime prediction (SLP), an acceleration factor has to be 
defined to correlate accelerated exposure testing (AET) with outdoor exposure testing 
(OET). The acceleration factor FACC is defined in (Eq. 11): 
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Where τf,service corresponds to the time to failure in service  conditions while τf,accelerated 
corresponds to the time to failure in accelerated test conditions. This equation is a simple 
model that assumes a constant stress is applied during the accelerated test and during 
service conditions. Moreover, it is assumed that the accelerated aging test reproduces the 
same degradation mechanism as observed under in service conditions and that the 
acceleration factor is independent of the extent of degradation at which the comparison is 
made between in service and accelerated conditions (Carlsson, 2004c). In practice, this 
requires to carry out long-term exposure tests under in service conditions in parallel with 
the accelerated tests to assure the relevance of the accelerated test (Jorgensen et al., 2000). 

3.1.2. Review of MIL-STD-810 G 
The purpose of this subsection is to provide a summary of the MIL-STD-810 G, which 
provides a framework for environmental testing. This military standard is used as a 
guideline for this project, as no standard procedure does currently exist for accelerated 
aging in dust/sand storm conditions, at least for solar mirrors. This document consists of 
three parts: Part I is a general chapter that provides general guidelines for the tailoring of 
environmental testing. Part II focuses on laboratory test methods. In this report the focus 
is on dust and sand storms, which is discussed in method 510.5 of MIL-STD-810 G. 
Finally, Part III provides additional information for world climatic regions (Appendix 7).  
 
The  method 510.5 in MIL-STD-810 G includes two test procedures, respectively for dust 
and sandstorm environments. The two test procedures are identified as (a) the blowing 
dust procedure and (b) the blowing sand procedure. In the MIL-STD-810 G, the 
distinction between dust and sand is based on the particle size: dust particles have a 
diameter smaller than 150 µm while sand particles have diameter in the range 150 to 850 
µm. This differs slightly from the classification proposed in Section 2.3.1. For both 
procedures, the method described in MIL-STD-810 G provides information concerning 
the temperature, the relative humidity, the air velocity, the dust/sand composition, the 
dust/sand concentration, the orientation of the test item and the test duration. 
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a. Blowing dust procedure 

In the blowing dust procedure, the recommendation is made to conduct the test with the 
test item exposed at the highest operating or storage temperature, based on a high 
temperature test (method 501.5) or a solar radiation test (method 505.5). The relative 
humidity should not exceed 30% to avoid the caking of dust particles.  The air velocity test 
levels are respectively set to 1.5 +/- 1 m/s and 8.9 +/- 1.3 m/s. The latter value is 
supposed to be typical of desert winds, in the absence of values representative of natural 
conditions. Concerning the dust composition, the recommendation is made to use a test 
dust with a median diameter of 20 +/-5 µm and a maximum size of 150 µm. The dust 
should have a composition similar to the dust available in the region of interest. If no local 
dust composition is available, red china clay is suggested. The composition of red china 
clay is described in Table 7. 
 
Table 7: Composition of red china clay (MIL-STD-810 G, 2008) 

Mineral % of weight 
CaCO3, MgCO3, MgO, TiO2, etc.  5 % 
Ferric oxide (Fe2O3)  10 +/- 5% 
Aluminum oxide (Al2O3)  20 +/- 10% 
Silicon dioxide (SiO2)  Remaining percentage : 50 to 80 % 

 
The dust concentration level should be maintained at 10.6 +/-7 g/m3, which “exceeds that 
normally associated with moving vehicles, aircraft, and troop movement”. The most vulnerable 
surfaces of the test item should face the blowing dust and the test item may be rotated at 
equal time intervals to expose all vulnerable surfaces. Finally, a blowing dust test should be 
conducted for “at least 6 hours at standard ambient temperature and an additional 6 hours at the high 
storage or operating temperature”. 
 
b. Blowing sand procedure 

In the blowing sand procedure, the temperature specification is similar to the specification 
described above. No specification is provided here for relative humidity. The default air 
velocity range is 18-29 m/s. An approximate distance of 3 m from the sand injection point 
to the test item is recommended in order for the particles to reach the defined velocity. 
The sand composition should consist mainly of silica. Sand grains should exhibit a certain 
roundness (or sharpness) and sphericity (or compactness) and a hardness factor of 7 mhos. 
The re-use of sans is not recommended, because of sand erosion and contamination. The 
particle size distribution should be determined from the geographical region in which the 
system would be installed. The recommended particle size distribution ranges from 150 
µm to 850 µm, with a mean of 90 ±5 % (of weight) in the range 150-600 µm, and at least 
5% (of weight) larger than 600 µm. Sand concentration specifications are listed in Table 8. 
 
Table 8: Sand concentration specifications (MIL-STD-810 G, 2008) 

Conditions Specification Tolerance 
Natural conditions (no reference) 0.18 g/m3 -0.0/+0.2 g/m3 
Exposed to near operating surface vehicles 1.1 g/m3 +/- 0.3 g/m3 
Exposed to helicopters operating  over unpaved surfaces 2.2 g/m3 +/- 0.5 g/m3 
 

The test item should be oriented to blowing sand so that it will experience maximum 
erosion effects. The minimum exposure time is set to 90 minutes. In the blowing sand 
procedure, a few important recommendations are made concerning the test operation: 
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• “To ensure a good circulation of the sand laden air, the test chamber should have a 
sufficient size. The test item should not occupy more than 50% of the test 
chamber cross sectional area.” 

• “The sand feeder should be controlled to emit the sand at the specified 
concentrations. The feeder should be located to ensure the sand is approximately 
uniformly suspended in the air stream when it strikes the item.” 

• “Uniform sand distribution is usually easier to obtain when the sand air mixture is 
directed downward”. 

 
c. Test chamber control 

The last relevant section of method 510.5 concerns the control of the test chamber. 
According to MIL-STD-810 G, both chamber temperature and relative humidity should 
be recorded at regular intervals and the sand rate calculation should be provided for each 
test interval. The chamber air velocity and sand concentration should be verified prior to 
test. The dust/sand feed rate should be calculated and verified by measuring the dust/sand 
quantity delivered over unit time according to the following formula (Eq.12): 
 

Mass rate = Dust/Sand concentration x Area x Wind velocity Eq. 12 
 
The mass rate is defined as the mass of dust/sand introduced into the test chamber per set 
time interval (units: g/s), the dust/sand concentration is measured in g/m3, the area of 
interest corresponds to the cross-sectional area of the wind stream at the test item location 
(in m2) and the average wind velocity is measured at the test item location (in m/s). 

3.1.3. Outdoor exposure testing 
As mentioned in Section 3.1.1, it is required to carry out long term exposure test 
campaigns in parallel of accelerated exposure test campaigns. Accelerated aging testing 
(AET) is helpful to assess the durability of candidate materials in a short time, but outdoor 
exposure testing (OET) is also required in order to derive a service lifetime prediction 
(SLP) correlation. 
 
An outdoor exposure testing program has been defined by NREL for optical materials 
used in solar thermal electric technologies (Wendelin & Jorgensen, 1994). The test plan for 
the outdoor exposure program was based on the ASTM D 1435-85 (Standard Practice for 
Atmospheric Environmental Exposure Testing of Nonmetallic Materials) and on the ASTM G 7-89 
(Standard Practices for Outdoor Weathering of Plastics). Different candidate reflector materials 
were exposed at different sites, which are listed below in Table 9. 
 
Table 9: List of test sites for outdoor exposure testing (Fend et al. 2003) 

Location Solar irradiation 
(kWh/m2 per year) 

Average  
temperature (°C) 

Relative  
humidity (%) 

Cologne (Germany) 694 10.5 78 
Almeria (Spain) 1805 18.5 67 
Sacramento (CA, USA) 2000 16.0 66 
Phoenix (AZ, USA) 2361 22.6 37 
Fort Davis (TX, USA) No long term data available 
Golden (CO, USA) 2000 10.2 52 
Dagget (CA, USA) 2417 19.8 35 
Miami (FL, USA) 1888 24.4 73 
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Each test site consists of exposure racks tilted at the latitude angle and a meteorological 
station that records weather data (Wendelin & Jorgensen, 1994). The meteorological 
quantities recorded at each site are listed below in Table 10. 
 
Table 10: Recorded meteorological quantities (Wendelin & Jorgensen, 1994) 

Quantity Comments 
Atmospheric pollutants Ozone, Sulfur, Chlorine and Nitrogen compounds 
Global insolation Total spectrum 
Global ultraviolet insolation Wavelength range: 295-395 nm 
Global UV-B insolation Wavelength range: 285-320 nm 
Precipitation Rain, Snow, Ice 
Relative humidity  
Temperature Ambient air, Ground, Sample rack backplane 
Wind Speed and Direction 

 
Three samples of each material type were usually exposed on the rack. Measurements were 
carried out prior to exposure and after 6 months of exposure. Regular inspections were 
then repeated every 12 months. A regular inspection consisted of two measurement: a 
measurement of specular reflectance before and after cleaning. Cleaning was carried out 
using demineralized water, a wash liquid and a soft cloth (Fend et al., 2003). 
 
At this point it is worth noting that dust/sand storm events were not recorded by any 
meteorological station in the current outdoor exposure testing program. In order to study 
the degradation of solar mirrors under dust/sand storm conditions, it would be required to 
measure the characteristics listed in Section 2.3.2. This means that the meteorological 
stations would have to be upgraded with additional instruments, for instance sand traps 
(Ellis et al., 2009) to collect dust/sand and study its mineral composition, particle size 
distribution and concentration. In addition, other locations in desert areas considered for 
CSP plants (for instance North Africa or Middle East) would have to be included in the 
outdoor exposure program to gain knowledge on severe dust/sand storms, as this type of 
meteorological event is more likely to occur in these regions.  
 
If dust/sand storm events are to be recorded, the meteorological stations would have to be 
maintained after each significant dust/sand storm, as the sand traps would have to be 
emptied and cleaned. The collected dust would also have to be sieved to analyze both 
mineral composition and particle size distribution. Moreover, material samples would 
probably have to be inspected directly after each dust/sand storm event to record the 
impact of this environmental stress alone. This additional effort in monitoring and 
maintenance would generate extra costs in the outdoor exposure test campaign. However, 
outdoor exposure testing under dust/sand storm conditions would be required in order to 
derive a reliable service lifetime prediction correlation for candidate solar mirrors. 
 

3.2 Equipment and procedures 
The purpose of this second section is to describe the experimental equipment and the 
laboratory procedures applied for optical measurements. The first subsection covers the 
preparation of material samples. The second subsection describes the test chamber used to 
simulate dust/sand storms as well as the dust concentration sensor and the test dust. The 
third subsection presents the measurement instruments used in the test campaign: a 
specular reflectometer, a spectrophotometer and a 2D microscope. Finally, the optical 
measurement procedures are summarized in the last subsection. 
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3.2.1. Material samples 
The initial aim was to compare the durability of four different candidate solar reflector 
materials under sandstorm conditions. The four different candidate reflector materials 
were introduced in Section 2.2.2: thick and thin glass second surface silvered mirrors, first 
surface aluminized mirrors and silvered polymers. Another initial aim was to develop a 
multi-parametric degradation model including parameters such as wind velocity, dust 
concentration and time of exposure. Based on the literature review (Collier,1980), (Cooper, 
1985), the two aims mentioned above were considered to be not compatible within the 
given project time frame so the choice was made to attempt to develop a multi-parametric 
model for only one type of reflector material.  
 
Due to material availability, the scope of the study was reduced to thick glass second 
surface silvered mirrors. A parabolic facet from the German manufacturer Flabeg was 
selected. It is worth remarking here that no information was available concerning the 
multilayer back paint system, which is supposedly resistant to sandstorms according to 
Flabeg. The available mirror was a parabolic facet of dimensions: 1700mm x 1500mm x 
4mm. This corresponds to the product reference RP3, which is already installed in the 
majority of the existing CSP plants. According to specifications, the weight of this 
parabolic facet is about 27 kg and the solar weighted specular reflectance (or solar 
reflectivity) is above 94.4%. The glass material follows the specification of EN 572-2 for 
low iron float glass and its thickness is 4 mm (Appendix 8). Four ceramic mounting 
elements are fastened by adhesive on the back of the mirror. 
 
For the purpose of accelerated aging testing, the maximum dimension of samples was 
defined to 60x60 mm because of the dimensions of the sandstorm chamber. It was thus 
necessary to cut some material samples from the available parabolic facet. The parabolic 
facet was installed on a large table in the laboratory, with the float glass facing up. One side 
of the facet was raised with supports so that the opposite side laid flat on the table for the 
cutting operation. A 1.7 m line was then drawn on the mirror, 6 cm from the edge, in a 
direction parallel to the line of curvature. The reflective surface of the facet was then 
cleaned with pressurized air to remove any impurity. A glass cutter (Figure 6) was then 
pressed tightly to the line to make a shallow score in the glass. This operation is supposed 
to encourage the mirror to break along the score and not in an undesired direction. 
Weights were used to hold the facet on the table and portable clamps with handles were 
used to apply pressure on the ribbon to be cut. Protection equipment (glasses, gloves and 
mask) were used during the cutting operation. 
 

 
Figure 6: Glass cutter used for scoring the parabolic facet (Brand: Silberschnitt) 

 
Due to the facet dimensions, the parabolic shape and the strength of thick glass, the 
cutting operation revealed to be more difficult than expected. In the end, 20 mirrors of 
approximate dimensions 60x60 mm could be cut. A portable multi-function tool was 
equipped with a polishing accessory to smooth the sharp edges of the samples, in order to 
prevent potential mirror shards to circulate inside the sandstorm chamber. 



3. Methodology 
 

 27

3.2.2. Environmental test chamber 
The simulation of dust/sand storms has been carried out with an environmental test 
chamber delivered by the Spanish company Control Tecnica. According to the short 
commercial description sent by the company, this test chamber is a prototype, which is 
supposed to be designed to perform tests according to MIL-STD-810 G, method 510.5. 
The prototype has been designed by the German company ITS GmbH, except the dust 
concentration sensor, which has been supplied by the British company Casella CEL.  
 
This subsection intends to give a general description of the test chamber and also describe 
its most important parts, for which additional information is available. At this point it is 
important to notice that the prototype test chamber (reference: ST200) has been delivered 
without any user manual describing its operation and maintenance. 
 
a. Overview and components 

According to Control Tecnica commercial description, the test chamber has been designed 
as a forced air recirculation duct and the test chamber weldings are supposed to be dust 
proof. The circulation duct has a free diameter of 200 mm, which corresponds to a cross 
section of 314 cm2. The commercial description indicates that the chamber is designed to 
tests samples of dimensions 60x60 mm, in order to meet the MIL-STD-810 G requirement 
relative to the relationship between the sample area and the test chamber cross section area 
(maximum ratio: 50%, Section 3.1.2). The access door to the exposure area is inserted in 
the duct and this door can be easily sealed and opened. The sample positioning zone 
consists of a grid tray that can support up to 25 kg. 
 
The test chamber consists of the following parts (Figure 7): 

• a centrifugal fan (or radial blower) for air recirculation 
• a dust shaker (or dust container) 
• a solenoid valve for dust/sand injection 
• a wind velocity sensor 
• a dust concentration sensor 
• a touch screen controller 

 

 
Figure 7: Captioned photography of the sandstorm chamber 

 
No detailed information was provided concerning the velocity sensor. Concerning the 
solenoid valve used for dust injection, Control Tecnica only indicates that the solenoid 
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valve operates with pressurized air. The solenoid valve is actually connected to the dust 
shaker and some characteristics of the injection pulse can be defined, but the default 
setting was preserved as no information was available about the influence of this setting 
with regards to the quantity of dust injected inside the chamber. 
 
Last but not least, Control Tecnica claims in its commercial documentation that the 
relative humidity is maintained throughout the test to less than 30% according to MIL- 
STD-810 G, using a dehumidifier. A filter is supposed to prevent dust from entering the 
dehumidifier. Moreover, the required temperature of 23°C is supposed to be regulated by 
an evaporator and controlled throughout the test. In reality, the test chamber that is 
installed in the laboratory does not include a dehumidifier nor an evaporator and there is 
no temperature or relative humidity sensor installed inside the sandstorm chamber, so that 
these noise parameters cannot be monitored throughout experiments. 
 
b. Centrifugical fan 

According to Control Tecnica, the air recirculation fan is sized so that the maximum air 
velocity can reach 30 m/s and the minimum air velocity is 3 m/s. This complies with the 
requirements listed in the MIL-STD-810 G, method 510.5. The air recirculation fan is 
designed for air saturated with dust or sand and it can be opened for cleaning (for instance 
if the type of dust has to be changed). The air recirculation fan is controlled by a variable 
frequency drive and the air velocity can be controlled through the touch screen. After a 
close look at the test chamber in the laboratory, the air recirculation fan is a centrifugical 
fan (or radial blower) from the German manufacturer Elektror Air Systems GmbH. The 
technical specifications of the radial blower are summarized in Table 11. 
 
Table 11: Elektror centrifugal fan, technical specifications 

Product name N.A. Observation 
casing made from  
cast aluminum 

Electrical power 6 kW Frequency 50 Hz 
Phase 3-phase  cos φ 0.88 
Voltage 400 V (∆) Current 12.0 A 
Total pressure 
difference 

3.90 kPa 
Volumetric  
Flow rate 

60.0 m3/min 

IP code 
54 (dust protected, 
splashing water) 

Standard 
EN60034-1 (rotating 
electrical machines) 

 
The characteristic curve for a similar blower including a sound pressure level curve (in dB) 
is included in Appendix 9. The air velocity is not controlled directly through the touch 
screen but one can easily adjust the number of rotation per minutes (RPM), by setting a 
percentage that corresponds to a fraction of the maximal RPM. A frequency converter unit 
is combined with the radial blower, which is supposedly programmed with a pulse width 
modulation (PWM) algorithm to control the variable frequency drive. 
 
As depicted on the sound pressure level in Appendix 9, the radial blower generates noise 
during operation. The noise level increases with the volumetric flow rate, which is directly 
related to the wind velocity. The sound pressure level lies in the range 80 – 95 dB. There is 
thus a potential risk of hearing damage over long term exposure. As mentioned above, no 
cooling system is added to the available test chamber while the commercial documentation 
mentions an evaporator and a dehumidifier. At high wind velocities, there is consequently 
a significant amount of waste heat that is generated by the radial blower. This heat is 
dissipated by radiation in the laboratory room, by conduction in the duct walls of the test 
chamber and also by convection inside the test chamber. The temperature inside the 
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chamber over the chamber operation time is illustrated for different wind speeds in 
Appendix 10. The amount of waste heat starts to be significant over 50% RPM. 
 
As outlined in Table 11, the maximum volumetric flow rate is 60 m3/min. The duct cross-
sectional diameter is 20 cm wide, which corresponds to a cross-section area of 0.0314 m2. 
The maximum wind velocity is thus equal to the ratio of the volumetric flow rate to the 
cross-section area, which is equal to 1 [m3/s]/0.0314 [m2] ≈ 30 m/s. This means that if the 
centrifugal fan is set at 100% RPM, the wind velocity will be around 30 m/s and the fan 
will operate at full load. In order to perform tests at 30 m/s without generating significant 
heat, it may be relevant to oversize the centrifugal fan. 
 
c. Dust concentration sensor 

The Microdust Pro Particulate Monitor delivered by Casella CEL has been installed in the 
sandstorm test chamber to be used as a real time dust concentration sensor. According to 
the sensor manufacturer, this product is designed for applications such as workplace dust 
measurements to control compliance with health & safety regulations, ambient particulate 
monitoring to check compliance with air quality legislation, industrial process monitoring 
and respiratory equipment or air filtration efficiency testing (Casella USA, n.d.1). This 
portable instrument can measure a wide range of concentration levels (from 1 µg/m3 to 
2,500 mg/m3). The value is displayed in real time graphically or numerically on a LCD 
display and can be logged in the internal memory of the instrument or transferred to a 
computer via a dedicated software (Casella USA, n.d.1). This section aims to summarize 
the operating principle, the calibration and maintenance of this instrument, as well as the 
additional accessories that could be required for a reliable operation. The technical 
specifications are enclosed in Appendix 11. A user manual documentation has also been 
provided with this instrument, which can be downloaded online (Casella USA, 2003). 
 
Operating principle 

The dust sensor measures the concentration of particles using a near forward angle light 
scattering technique. The layout of the sensor probe is illustrated in Figure 8. Infrared light 
of wavelength 880 nm is projected through the sampling volume. If there is no dust in the 
air (Figure 9) the infrared beam is focused on the light stop and no forward scattering is 
detected. If there are some dust particles in suspension (Figure 10), the infrared beam is 
scattered and the infrared photo-detector measures the intensity of forward scattering. The 
amount of scatter is proportional to the mass concentration up to 2,500 mg/m3. For a 
narrow angle of scatter (12-20°), the scattering of light mainly consists of diffracted and 
refracted components, so that the reflected component is minimized. This reduces the 
influence of parameters such as color, shape or refractive index (Casella USA, n.d.2). 
 

 

 
Figure 8: Illustration of the sampling probe layout (Casella USA, 2003) 
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Figure 9: Sampling probe in clean air conditions (Casella USA, n.d.2) 

Particulate

 
Figure 10: Sampling probe, particles in suspension (Casella USA, n.d.2) 

 
Calibration 

Before delivery, each Microdust Pro instrument is calibrated by the manufacturer using a 
gravimetric technique with a specific type of dust: Arizona ´fine´ dust according to ISO 
12103-1, A2. This specification is described in the next subsection relative to test dust. The 
main characteristic of the calibration dust is that 50% of the particles have a diameter 
smaller than 10 µm. This is important to notice, as the dust sensor sensitivity is maximum 
for small particles (Casella USA, n.d.2). The dust sensor is thus especially adapted to 
measure respirable particles or total suspended particles (TSP), generally classified in two 
categories: PM10 (particle size less than 10 µm) and PM2.5 (particle size less than 2.5 µm). 
This is discussed further in the paragraph relative to safety precautions. 
 
The calibration procedure to be performed in the laboratory is described in details in the 
user manual (Casella USA, 2003). The calibration consists of three steps: (a) a zero check, 
(b) a span check and (c) an optional specific calibration that is recommended to perform if 
the composition of the test dust differs significantly from Arizona ‘fine’ dust. For the zero 
check, the rubber cap should be removed and the purge bellows should be attached to the 
sensor probe purge inlet (Figure 11) and squeezed a few times. The user should wait for 
the reading to stabilize within +/- 1 digit. Once the zero value has been checked, the purge 
bellows is removed and the rubber cap is re-fitted to the purge inlet.  The span check is 
then performed. Each probe is supplied with its own calibration filter that creates a fixed 
optical scattering effect, which is used as a reference to confirm the factory calibration. 
The calibration filter is inserted in the probe as illustrated in Figure 11. 
 

 
Figure 11: Insertion of the purge bellows and calibration filter (Casella USA, 2003) 
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At this point, it is important to remark that the dust concentration sensor was calibrated 
before the experiments in the test chamber. The dust concentration sensor had been sent 
to the manufacturer for a factory calibration after a contamination of its optical parts had 
occurred. The zero was set correctly, but there was some doubt concerning the calibration 
filter. The reference value written on the calibration filter is 108.0. The first reading was 
100.0 and then the calibration filter was checked and cleaned with a soft tissue, but the 
reading dropped to 65.0. The sensor manufacturer was contacted to learn more about the 
calibration filter properties, but no information was provided on how to adjust the span 
calibration. There is consequently some uncertainty associated with the initial calibration of 
the instrument with regard to the span check. 
 
The last calibration step is an optional step that should be performed for specific dust 
types. This operation was not performed, as it requires additional accessories that were not 
available, such as a gravimetric adapter that can be fitted on the sensor probe, a sampling 
pump to provide a flow rate for gravimetric sampling and a pre-weighted filter that is fitted 
in a cassette to collect the dust of interest (Casella USA, 2003). The principle of specific 
calibration can be described as follows: the instrument average reading is compared to a 
gravimetric sampling run in parallel over a certain time. A correction factor is then derived, 
as formulated in (Eq. 13). 
 

adingAverageInstrument

ionConcentratcGravimetri
FactorCorrection
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_
_ =  Eq. 13 

 
The gravimetric concentration is derived from the ratio of the filter mass increase 
(measured in mg) to the volume sample (measured in m3), which is based both on the flow 
rate and sampling time. Once the correction factor is calculated, it can be saved in the 
instrument internal memory. The instrument can save up to four different specific dust 
calibrations. In this project, the default factory calibration was used as a reference. 
 
Maintenance 

As the dust concentration sensor uses a light scattering technique, the measurement probe 
contains sensible optical components, such as focusing lenses. These lenses may become 
contaminated. In this case the system tends to under read the true concentration level. The 
sensor optical parts has been carefully designed to reduce the need for regular cleaning, 
however this operation should be performed regularly. The manufacturer recommends to 
clean the instrument using the purge bellows after each use and to send the dust 
concentration sensor for a factory cleaning once per year. The contamination of the sensor 
can be identified by a deviation during the zero check or the span check. The 
contamination of the sensor occurred in the past after a few weeks of test because cleaning 
was not performed regularly. During this project, the sensor was cleaning before and after 
each sequence of test but it revealed to be insufficient to avoid a new contamination. 
 
Contamination is expected to accelerate by high particle concentration levels, which is a 
characteristic of dust/sand storm events. In this case, the manufacturer recommends 
continuous purging using an external pump. Casella USA, 2003). A posteriori, continuous 
purging would be probably relevant as high concentration levels are expected inside the 
sandstorm chamber. 
 
Accessories 

The Microdust Pro kit is delivered in a carry case with standard accessories. The kit 
contains the control unit, the probe, the calibration filter, the user manual, 4 rechargeable 
batteries, a 12V power supply with main plug fittings. The case also contains a RS232 lead 
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to connect the control unit to an external system. In this project, the sensor is connected 
to the test chamber control unit and it provides information to the test chamber, which is 
used as a feedback for the injection control. One can also connect the sensor directly to a 
computer, provided that the WinDust pro application software is installed. In addition, 
other optional accessories are proposed by the manufacturer for cleaning and specific dust 
calibration, as mentioned in the previous paragraphs. These accessories are described to 
some extent in the user manual (Casella USA, 2003). 
 
d. Arizona test dust specifications 

During the experiments, Arizona ‘coarse’ dust was used as a test dust in the sandstorm 
chamber. This test dust was delivered by the German company Staubtechnik GmbH 
(Appendix 12). The test dust was initially poured in the dust shaker. As the sandstorm 
chamber consists of a closed circuit, the dust settle on the duct walls when the blower is 
not turned on and re-circulate when air circulation is activated. As the ducts are dustproof, 
there is no significant dust loss when the chamber is operating. Dust losses occur when the 
door to the exposure area is opened to insert and remove the reflector material sample. 
This dust loss can be compensated by injecting some dust inside the circuit.  
 
The mineral composition of Arizona test dust according to SAE J726 is illustrated in 
Figure 12. Arizona test dust consists mainly of silicon dioxide, aluminum oxide and ferric 
oxide, which are considered as abrasive materials. The mineral composition complies with 
the specification described in MIL-STD-810 G, method 10.5 for the blowing dust 
procedure (Section 3.1.2) and it fits to the description of mineral composition for dust and 
sand  given in Section 2.3.1. The health hazards associated with the inhalation of silicon 
dioxide are discussed in the paragraph relative to safety precautions. 
 

Chemical analysis of Arizona test dust
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Figure 12: Mineral composition of Arizona test dust according to SAE J726 

 
The particle size distribution of Arizona ´coarse´ dust is compared with Arizona ´fine´ 
dust inFigure 13. Arizona ‘fine’ dust is used as a reference dust for the factory calibration 
of the dust concentration sensor as mentioned in a previous paragraph. One can observe 
that the median particle size is larger for ´coarse´ dust (around 40 µm) than for ´fine´ dust 
(around 10 µm). Arizona ´coarse´ test dust is probably more representative of typical dust 
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in desert environments, but the larger median particle size would probably impact the dust 
concentration sensor sensitivity, without specific calibration. Although the size categories 
from the datasheet in (Appendix 12) are not so detailed, the particle size distribution of 
´coarse´ dust roughly follows a lognormal distribution at first sight, which support the 
description given in Section 2.3.1. 
 

Comparison of Arizona ´fine´and ´coarse´dust
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Figure 13: Comparison of Arizona ‘fine’ and ‘coarse’ dust particle size distributions 

 
e. Test chamber operation and command 

The test chamber ST200, designed by the German Company ITS GmbH and delivered by 
the Spanish company Control Tecnica, was delivered without any user manual. This 
subsection intends to provide a brief summary for the operation of this chamber. 
The first step is to plug in the test chamber electrical socket and turn on the pressurized 
air, so that electrical power is supplied to the test chamber and the injection mechanism 
can operate. Next the main power switch has to be turned on. The user can then switch on 
the dust concentration sensor and the test chamber control unit. The control unit is a 
programmable logic controller (PLC), manufactured by Siemens. A touch screen interface 
enables the user to command the test chamber. When the touch screen is active, the user 
has access to different menu options displayed on a main screen, where the value of all 
control parameters is also displayed. The different options labels are: manual mode, automatic 
mode, set parameters, reset fault and reset test. Error messages are also displayed on the main 
screen to signal failures in the test chamber. 
 
In the menu option set parameters, the user can set the blower RPM (% of maximum value), 
the dust concentration (in mg/m3), the test duration (in min), some injection parameters 
and the delay of injection. The control system interacts with the dust concentration sensor 
and the wind velocity sensor. The wind velocity is proportional to the blower RPM. The 
dust concentration measured by the sensor is used by the chamber control system to 
command the injection mechanism. If the measured dust value is lower than the dust 
setting, then the injection is activated and a signal is sent to the solenoid valve. Pressurized 
air then flows through the dust shaker and dust is injected via a nozzle in the duct tunnel. 
If the concentration setting is not reached after 3 or 4 injection pulses, the test is then 
interrupted and the error message “no dust” appears on the main screen. Another frequent 



3. Methodology 
 

 34

error message is “frequency converter not OK”. The cause of this error message is not 
clear, but this is related to the blower frequency converter. The chamber control panel has 
then to be opened and the corresponding protection switch has to be switched on. 
 
f. Safety precautions  

To conclude this section on the sandstorm chamber, it is important to issue a warning 
concerning the potential health hazards associated with airborne dust particles. According 
to the MIL-STD-810G (method 510.5), the exposure to silicon dioxide (or SiO2), the main 
dust constituent, can cause silicosis.Other dust constituents may also cause adverse health 
effects. The risk is more pronounced for high dust concentrations. 
 
Silicosis is a form of occupational lung disease caused by the inhalation of silica dust 
particles. While large particles are filtered by the nose and the throat, small particles 
(typically less than 10 µm, also identified as respirable particles) can pass further than the 
larynx and find their way into the thorax and ultimately the lungs (Casella USA, 2011). 
These particles may cause irreversible lesions in the pulmonary alveoli. Silicosis is a risk 
that should not be neglected, as the damage on the respiratory system is irreversible. Over 
the long term, silicosis can cause respiratory troubles such as shortness of breath, cough, 
fatigue,etc. The symptoms may only be detected years after exposure and in some 
advanced cases, patient with silicosis become susceptible to tuberculosis and lung cancers 
can develop. The disease severity and the rapidity of silicosis progression depend on the 
concentration level and the exposure time (EPA, 2011) As dust/sand storms are 
characterized by high level of dust concentrations in comparison to normal ambient 
conditions, it is strongly recommended to use protective masks and ensure appropriate air 
circulation in the laboratory room. 

3.2.3. Measurement instruments and procedures 
As outlined in Section 2.2.1, the key optical characteristic of solar reflectors is their solar 
weighted specular reflectance (SW, θ). As no spectral specular reflectometer is available in 
the laboratory, this quantity has to be approximated according to (Eq. 2). Two quantities 
have thus to be measured to derive the solar weighted specular reflectance. The first 
quantity is the specular reflectance at a wavelength λ, noted ρspec (λ,θ), which is measured 
using a portable reflectometer. The second quantity of interest is the hemispherical 
reflectance measured over the solar spectrum, noted ρhem (λ,θ=π), which is measured with a 
spectrophotometer. The aim of this subsection is to provide a brief description of these 
two measurement instruments. The microscope used to examine the surface degradation 
of solar reflectors after degradation is also briefly described in this subsection. 
 
a. Portable reflectometer 

The specular reflectance ρspec (λ, θ) was measured with the portable specular reflectometer 
model 15R from the American company Devices & Services (D&S). The technical 
specifications of this instrument are summarized in (D&S, 2010a) and the interested reader 
is referred to technical notes (D&S, 2010b) for more detailed information concerning this 
instrument. This reflectometer measures specular reflectance at an angle of incidence 
θ=15° with a beam diameter of 10mm. The operator has the choice between three 
aperture angles: 15, 25 and 46 mrad. An optional 7 mrad aperture can replace the 46 mrad 
aperture. The specular reflectance is measured at a wavelength λ=660 nm (red light). This 
source is chopped at 90 Hz in order to eliminate stray light (D&S, 2010a). 
 
The instrument top and side views are illustrated in Figure 14. A LCD display indicates the 
reflectance value with 3 digits, with a reading uncertainty of +/- 0.1%. A reference 
calibration mirror is provided with the instrument. This reference mirror can be attached 
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to the base of the instrument to adjust the instrument gain with the gain knob so that the 
measured value matches the reference value indicated on the base of the instrument. The 
reference value is specific to each portable reflectometer (D&S, 2010a). In this project, the 
selected reflectometer had a reference value of 98.0. It is worth remarking that the 
calibration has to be performed systematically when the aperture angle is modified. Here 
the aperture angle is set by default to 25 mrad for the measurement campaign, according to 
PSA laboratory procedures. This aperture angle is recommended for routine measurement 
of concentrator mirrors. The calibration is generally performed before measurements start, 
but it may have to be repeated after a certain time, as thermal drift may cause a deviation 
of +/- 0.1 %. 
 
The measurement procedure is detailed in a laboratory procedure available at PSA and 
some instructions are also provided by Devices & Services (D&S, 2009a), (D&S, 2009b). 
First the instrument has to be switched on, preferably 10 minutes before measurement 
start. The aperture angle is then set and the calibration is performed. Once the instrument 
is ready to start, it is positioned onto the sample mirror to be measured. At this stage it is 
important to check the correct alignment of the instrument. The instrument has a three 
point support system, consisting of three adjustable screws that are used as support legs 
for the instrument. The two screws on the base of the instrument (Figure 14.a) are used to 
align the reflected beam with the detector. The third screw positioned in the center (Figure 
14.b) is adjusted according to the reflector thickness. According to D&S technical 
documentation, “the central support leg should be screwed in one full turn for each 0.05 inch of material 
thickness for second surface reflectors”. 
 
The portable reflectometer has two measurement modes: DET and OPT. The DET mode 
is used to measure the reflectance value (measure displayed on the LCD screen). The OPT 
mode is used to check the beam alignment (no measured is displayed on LCD screen). In 
the OPT mode, the detector is rotated out of the optical path and the reflected beam can 
be viewed through an eyepiece located on the top of the instrument. The operator can also 
adjust the beam alignment in the DET mode. The beam is correctly adjusted for one 
position on the mirror when the reading on the LCD display is maximized. 
 
For small mirrors, such as the samples considered in this study, two other samples of the 
same thickness should be used to support the two screws on the instrument base. In 
addition, one should check that the bellow (on the base of the mirror) leaves no opening. 
This is especially difficult for samples of size 60x60 mm, as there is just enough room 
available to fit the base of the reflectometer onto the mirror surface. If there is an opening, 
the deviation between the instrument reading and the correct value may reach up to 0.4%, 
based on personal observations. 
 
Concerning the routine maintenance of the instrument, it is important to check that the 
optical parts remain clean. The calibration mirror is installed in a protection case while the 
optics inside the instrument is protected by a window in the recent models. The protection 
window and the calibration mirror are always cleaned first with pressurized air to remove 
any dust. A soft tissue is used in addition if the optics is still dirty. As the instrument is 
portable, it is also important to recharge its batteries regularly, typically every day. If the 
battery state of charge becomes low, then the stability of the instrument reading may be 
compromised. 
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a) 

 

b) 

 

Figure 14: Top and side view of the portable reflectometer D&S 15R. (D&S, 2010a). 

 
b. Spectrophotometer 

The hemispherical reflectance ρhem (λ, θ=π) was measured with the spectrophotometer 
model Lambda 1050 from the American company Perkin Elmer. This instrument is a 
double beam spectrophotometer that is equipped with an integrating sphere accessory of 
diameter 150 mm and the measurement system is run with the software UV Winlab from 
Perkin Elmer. The detailed technical specifications of the spectrophotometer are available 
for download (Perkin Elmer, 2007). The spectrophotometer uses two light sources and 
two monochromators to scan over a wavelength range from 175 to 3300 nm with a 
minimal scan interval of 0.05 nm in the ultraviolet UV) and visible range and a scan 
interval of 0.2 nm in the near infrared (NIR) range. A deuterium lamp is used to cover the 
visible and NIR spectra while a tungsten-halogen lamp cover the UV spectrum. In 
practice, scanning is programmed only over the solar spectrum (range: 250 nm-2500 nm) 
for the analysis of reflector materials. The scan interval is set to 5 nm over the 
UV/Visible/NIR range, so that 450 data points are obtained for each measurement.  
 
This spectrophotometer is a sophisticated optical device that requires adequate training to 
perform accurate measurements. The interested reader will find a theoretical introduction 
on specific topics such as double beam and integrating sphere techniques in (Roos, 2004). 
and the operator may refer to the PSA laboratory procedure for more information on the 
spectrophotometer operation. All the spectrophotometer measurements are performed by 
a trained operator. This subsection consequently focuses on the data treatment rather than 
spectrophotometer operation and maintenance. 
The routine operation can be summarized as follows: the instrument is first turned on and 
warms up for 30 minutes. The software UVWinlab is started and the appropriate test 
method is selected. A baseline measurement (100%) is first performed with a calibrated 
working standard mirror that has similar properties than the samples to be measured later 
on (here: thick glass). This working standard is inserted in the sample holder port, while 
another uncalibrated reflectance standard is inserted in the reference holder port. The lid is 
closed over the sample holder port and it is covered with a dark tissue to avoid noise 
generated by ambient light. The working standard is then removed for a zeroline 
measurement (0%). Once the baseline and the zeroline are measured, the operator can 
start measuring samples. The samples are positioned on the sample holder and three 
measurements are taken for each sample with three different orientations (0°, 45° and 90°). 
It is worth remarking that all mirrors have to be carefully cleaned before their insertion in 
the sample compartment. All mirror samples are first cleaned with pressurized air. If 
required, demineralized water is sprayed and impurities are removed with a soft tissue. 
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The processing of spectrophotometer data is carried out with Microsoft Excel in a 
worksheet including macro commands to import all the necessary measurement results 
saved in ASCII format. The data process leading to the estimation of the solar weighted 
specular reflectance consists of five steps, which are described next: 

• Step 1: Conversion of data including baseline, zeroline and working standard 
• Step 2: Calculation of average hemispherical reflectance for each wavelength 
• Step 3: Weighting of hemispherical reflectance using standard solar spectra 
• Step 4: Entry of specular reflectance data and averaging 
• Step 5: Estimation of solar weighted specular reflectance 

 
Step 1: Hemispherical reflectance data conversion 

First, the raw hemispherical reflectance measurements have to be converted, including the 
baseline, zeroline and working standard information. The hemispherical reflectance ρhem (λ) 
is calculated for each wavelength λ according to (Eq. 14). 
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Where ρhem, mes (λ) is the measured hemispherical reflectance for the given sample, relative 
to the baseline and ρhem, std (λ) is the reference hemispherical reflectance value for the 
calibrated working standard. In principle, (Eq. 14) means that: 

• ρhem,mes (λ) and Baseline (λ) are corrected by substracting Zeroline (λ) 
• The corrected values are then compared, as the hemispherical reflectance measured 

for the sample is relative to the baseline measurement 
• The baseline measurement is itself a relative measurement that is based on the 

working standard used for calibration. ρhem, std (λ) is the only absolute quantity in 
(Eq. 14), which means that the value of ρhem,std is known before hand for each 
wavelength λ of the solar spectrum. 

 
Step 2: Hemispherical reflectance averaging 

Once the measured hemispherical measurement is corrected for each wavelength (step 1), 
the average is calculated for the three sample measurements (0°, 45° and 90°) at each 
wavelength. This average value can be labeled ρhem, average (λ). 
 
Step 3: Solar weighting of hemispherical reflectance 

Once the average hemispherical reflectance is calculated for each wavelength, the solar 
weighted hemispherical reflectance ρhem (SW) can be derived. The solar weighting equation 
has already been formulated in (Eq. 3). The measured hemispherical reflectance is basically 
weighted with a solar spectrum over the considered wavelength range. The reference 
standard solar spectrum is ASTM G173-03 (direct). Other standards are also available in 
the worksheet (Appendix 2). 
 
Step 4: Specular reflectance averaging 

The next step is to enter specular reflectance values measured at λ=660 nm with the 
portable reflectometer presented in the previous subsection. The average reflectance value, 
noted ρspec,average (λ=660 nm) is then automatically calculated. Three to five measurements 
are recommended for good accuracy. The operator can enter data for all aperture angles. 
As mentioned in the previous subsection, the default aperture angle is 25 mrad. The solar 
weighted specular reflectance is estimated for this aperture angle. 
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Step 5: Estimation of solar weighted specular reflectance 

The last step is to estimate the solar weighted specular reflectance ρspec (SW). The formula 
has already been described in (Eq. 2) and is reformulated in (Eq. 15) with the appropriate 
notations: 
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It is worth remarking that ρhem, average (λ=660 nm) actually corresponds to an averaged value 
of quantity ρhem, average (λ) over the wavelength range 650-670 nm. The ratio between 
ρspec,average (λ=660 nm) and ρhem, average (λ=660 nm) is also known as the gloss index and it is 
calculated in the worksheet. Finally, hemispherical reflectance graphs are plotted for each 
sample in the worksheet. 
 
c. Microscope 

The surface degradation of material samples is examined qualitatively with the inverted 2D 
microscope DMI 5000M supplied by the German company Leica Microsystems GmbH. 
This microscope is equipped with the digital color camera Leica DFC420, which has a 
resolution of 5 megapixels. The inverted microscope and the digital camera are connected 
to a computer on which the Leica Application Suite is installed. This imaging software 
gives the possibility to select automatically one of the microscope focus lens (x5, x10, x20, 
x50, x100 and x200) and to acquire, examine and process pictures from the digital camera. 
 
To observe the material sample surface degradation, the operator has to position the 
mirror sample on the microscope stage so that the back of the mirror is facing upwards. 
The operator first selects the most relevant region to be observed on the mirror sample 
front surface by adjusting the stage position with two control wheels (x-axis: left/right, y-
axis: up/down). The most relevant region on the mirror surface is generally the region that 
exhibits the highest level of abrasion. The operator can then adjust the light intensity and 
contrast, the lens aperture, the focal distance and the stage elevation (z-axis) to improve 
the image quality. As the surface degradation could already be observed with the naked eye 
for some mirror samples exposed to high dust loads, only two focus ratios were chosen:: 
(x5 ) and (x10). 
 

3.3 Test plans and procedures 
This last section of the methodology chapter aims to describe the experiments that were 
planned for the accelerated aging test campaign. The first subsection discusses preliminary 
tests that were recommended to carry out in order to develop a consistent test procedure 
with the existing sand storm test chamber. The second subsection describes the planning 
and procedure of accelerated aging tests. At this stage it is important to remark that the 
preliminary tests were shortened due to delays in sensor delivery after its first re-calibration 
and also because of mirror sample preparation issues. Additionally, the accelerated aging 
test campaign was later on aborted only after a few accelerated aging tests were performed, 
because of a renewed contamination of the dust concentration sensor. 

3.3.1. Preliminary test campaign 
As mentioned in Section 3.2.2, the sandstorm chamber is a prototype equipment which 
has been recently delivered and installed at the Plataforma Solar de Almeria (PSA). This 
test chamber is supposed to have been designed according to MIL-STD-810 G, but no 
user manual has been provided with this equipment. Preliminary tests are therefore 
recommended, primarily in order to learn how to operate this equipment and also to check 
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the stability of control parameters. This subsection intends to provide a brief description 
of the key items that should be checked during a preliminary test campaign. 
 
a. Wind velocity 

The first point to check is the stability of the wind velocity parameter. The wind velocity 
(m/s) is controlled by the blower RPM level. The objective of the first preliminary test is 
to determine a correlation between the RPM parameter and the wind velocity measured 
inside the chamber. This correlation could be derived first with no sample inside the 
chamber and then with a sample inserted inside the chamber. A difference is a priori 
expected between both experiments as the insertion of a sample would increase the 
resistance to the air flow in the duct and thus decreases the wind velocity level.  
 
Both preliminary tests shall preferably be conducted with no dust inside the chamber, so 
that the dust concentration sensor does not contaminate and the mirror sample does not 
degrade. The wind speed measurement shall be recorded for different RPM levels between 
0% and 100% and the variation of the wind speed shall also be observed on the chamber 
control screen to determine the uncertainty on this parameter. 
 
b. Dust concentration 

The dust concentration level is measured by the dust concentration sensor (Section 3.2.2) 
and this information is used as a feedback for the dust injection mechanism. The dust 
concentration can be increased by injecting dust and it can be decreased by cleaning the 
chamber. As there is no obvious correlation between injection, cleaning and dust 
concentration level, it is important to gain experience in order to learn how to stabilize the 
dust concentration level during a round of experiments. 
 
The variations of dust concentration can be observed on the sensor LCD display during 
the experiment. It would be relevant to first compare the variation of dust concentration 
over a few minutes when (a) the injection is active and (b) when the injection mechanism 
is not activated. These experiments would provide information about the sensor response 
and help to determine the optimal characteristics for injection. 
 
The second set of experiments consists in observing the stability of average concentration 
over the long run, as degradation tests are expected to be interrupted at regular intervals to 
measure the specular reflectance of the sample. As the dust is blown in a closed circuit, 
minimal losses are expected and the injection of additional dust may not be required. Thus 
it would be interesting to observe the variation of average concentration over several 
rounds when there is no injection, the wind velocity being set up at a pre-defined level. 
After each round, the door to the exposure area could remain closed or it could be open 
for a short time to insert or remove a sample. These experiments would provide 
information about warm up effects and dust losses during operation. They would also help 
to estimate the uncertainty on the average concentration. Finally, they would enable to 
define an appropriate frequency for dust injection during degradation tests. 
 
The last set of experiments consists in controlling the dust concentration level at different 
wind speed levels. A wind velocity level would be defined for a few rounds and the average 
dust concentration would be recorded for these rounds. Dust would then be injected in 
the chamber or removed from the chamber using a porous material such as a sponge. The 
experiment would be repeated to observe if the dust concentration stabilize at a lower or 
higher level. The same experiment would be repeated at different wind speeds, to check if 
there is any correlation between dust concentration and wind velocity levels. 
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c. Mass rate formula  

The dust concentration that is measured by the sensor may not correspond to the dust 
concentration level to which the sample is exposed inside the chamber. The dust sensor 
may not be calibrated for the specific dust or the dust sampled from the chamber may 
have a different concentration, because the sampled dust circulates through an extraction 
of diameter c.a. 1cm, which is smaller in comparison to the duct diameter (20 cm). 
Moreover the concentration may not be homogeneous across the exposure surface where 
the sample is positioned. One method to check dust concentration accuracy and 
homogeneity at the same time would consist in sampling dust directly inside the chamber 
using for instance graduated cylinders, positioned at different locations on the exposure 
area (Figure 15). The mass of the graduated cylinders would be measured before and after 
sampling with a high precision scale. The measured mass would then be compared to the 
theoretical mass, based on the mass rate equation (Eq. 12) formulated in MIL-STD-810 G 
and re-written below (Eq. 16). 
 

tvcAtimemdotm airdustSth .... ==  Eq. 16 

 
where mth is the theoretical mass (in g), mdot is the dust mass rate in g/s, t corresponds to 
the sampling time (in s), AS corresponds to the cross-section of the item used for dust 
sampling, cdust corresponds to the dust concentration and vair corresponds to the measured 
air velocity. The homogeneity of the dust concentration would be assessed by comparing 
the measured mass values for the different sampling positions and the accuracy of the dust 
concentration would be evaluated by comparing the measured mass with the theoretical 
mass. This test could be repeated with different dust concentration and wind speed levels. 
However, the technical feasibility of this experiment has yet to be demonstrated. 
 
d. Preliminary degradation tests 

Before starting the accelerated aging test campaign, it would be relevant to perform a few 
degradation tests to check which side of the mirror sample is most sensitive to abrasion, 
assess the repeatability of degradation based on specular reflectance measurements and 
adjust test parameters such as sample orientation, interval duration and time of exposure. 
This step is important to design a consistent test procedure for accelerated aging tests. 
a) 

 

b) 

 

c) 

 
Figure 15: Preliminary test campaign: verification of dust concentration homogeneity 

a) Cross section of the exposure area (diameter: 20 cm) b) Positioning of the material sample. (item 
centered, sidelength: 6 cm) c) Positioning of graduated cylinders (1 to 5). To check the concentration 
homogeneity in different directions, it is suggested to position five cylinders, one at the center (sample 
position) and four cylinders on a circle of diameter 10 cm). 

Ø: 200 mm 

60 mm 

Ø: 100 mm 

door door door 
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3.3.2. Accelerated aging test campaign 
This last subsection focuses on the accelerated aging test campaign. First the modeling 
approach is introduced. The design of experiments is then discussed. Test procedures for 
accelerated aging tests are then presented. 
 
a. Modeling approach 

The modeling approach is illustrated by a block diagram in Figure 16. The input or control 
variables are the exposure time t (in min), the dust concentration c (g/m3) and the wind 
velocity v (m/s). Ambient temperature (ref: 23°C) and relative humidity (ref: <30%) are 
considered as noise parameters, because these parameters are not measured during 
experiments and they may affect the model output. The test dust (Section 3.2.2) and the 
sample orientation are constant parameters that are not modified between experiments. 
The main output variable is the average specular reflectance, which can be estimated after 
each exposure interval. This output is used to estimate the solar weighted specular 
reflectance, as discussed in Section 3.2.3. The aim of the degradation model is to relate the 
loss of specular reflectance with the three input variables listed above: time of exposure, 
dust concentration and wind speed. This model is empirical by nature and it would be 
derived using statistical techniques such as multiple regression analysis. 
 

Degradation model

Wind velocity [m/s]

Dust concentration [g/m3]

INPUTS OUTPUT

NOISE

CONSTANT

Ambient
Temperature [°C]

Ref: 23°C

Time of exposure [min]

Arizona test dust
(Type: Coarse)

Sample 
Orientation (90°)

Specular 
reflectance [%]

Relative 
Humidity [%]
Ref: <30%

 
Figure 16 :Modeling approach: block diagram 

b. Experimental design 

In order to derive a robust multi-parametric degradation model, it is important to design 
an appropriate plan of experiments. The aim is to obtain enough information with a 
minimum amount of tests to assess the influence of wind speed, dust concentration and 
time of exposure on the loss of specular reflectance. The number of experiments should 
be minimized primarily because destructive tests are performed in the sandstorm chamber, 
i.e. the samples cannot be re-used for new tests. Moreover, only one sample can exposed 
inside the sandstorm test chamber. Therefore it is relevant to define an experimentation 
strategy that takes into account both material and time constraints. 
 
As mentioned in the previous paragraph, there are three variables of interest in this study: 
the wind speed v, the dust concentration c and the time of exposure t. For each aging test, 
the wind speed and dust concentration can be considered to be static parameters as their 
level is set to a pre-defined value, whereas the exposure time can be viewed as a dynamic 
parameter that varies over the test in regular steps. The search space for the experimental 
design is illustrated in Figure 17. The experimentation strategy consists in making the 
following decisions for the accelerated aging test campaign: 
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• Select combinations for static parameters (c,v) 
• Set the exposure time step(s) ∆t 
• Define the number of replicates 
• Design the plan of experiments 

 

 
Figure 17 :Experimental design: search space 

 
Combination of static parameters 

As mentioned in the paragraph above, two parameters (or factors) are expected to remain 
constant during each aging test and also between each exposure period: the wind velocity v 
and the dust concentration c. Different elementary combination strategies have been 
considered for the experimental design, identified as: “intuitive approach”, “one factor at a 
time”, “two level, full factorial” and “multiple level, full factorial”. Advanced strategies 
such as fractional test plans, response surface methods or other variants have been found 
in statistical software packages such as Minitab, Design Expert or DOE++ but these 
strategies were judged to be irrelevant for this study because of their relative complexity. 
The interested reader will find more information on these advanced experimentation 
strategies in (Montgomery, 2001). 
 
The first strategy, referred as the “intuitive approach”, consists in selecting an arbitrary 
combination of factors in the available search space. This strategy is simple and does not 
require any planning effort. However, it is not guaranteed that this strategy give enough 
information to derive a multi-parametric model that is valid over the search space. The 
next possibility is to test “one factor at a time”. This strategy consists in varying one factor 
at a time while maintaining other factors at a fixed level. Here the wind velocity would be 
set at a certain level and accelerated aging tests would be performed at different dust 
concentration levels. Another set of degradation tests would then be carried out at a 
certain dust concentration level and at different wind velocity levels. This “one factor at a 
time” approach has one major disadvantage: the model derived from this strategy would 
not take into account interactions between the two static parameters (Montgomery, 2001). 
Collier (1980) suggests that reflector abrasion caused by dust/sand particles is related to 
particle momentum and kinetic energy (Eq. 8).Moreover, the dust/sand mass is related to 
the dust concentration and the wind velocity as formulated in (Eq. 16), so that the 
interaction between these test parameters shall not be neglected in the degradation model. 
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In order to include potential interactions between control parameters, it is necessary to 
conduct a factorial experiment, in which factors are varied at the same time, instead of 
changing one factor at a time. The basic strategy, often referred as the “two level, full 
factorial” design, consists in selecting two levels for each factor and tests all possible 
combinations (Montgomery, 2001). It is for instance possible to select the minimum and 
maximum value for each factor. For two factors (wind velocity and dust concentration), 
there are thus four test combinations: (cmin, vmin), (cmin, vmax), (cmax, vmin) and (cmax, vmax). 
These four combinations are illustrated by four lines in Figure 17. This strategy has some 
advantages, which make it more efficient than the strategies mentioned above: the test plan 
and the analysis of results would be easy to carry out and the interaction between control 
parameters would be taken into account. The disadvantage of this strategy is that the 
number of levels may not be sufficient to derive non linear multi-parametric models. As 
mentioned in the previous paragraph, the loss of reflectance is expected to be proportional 
to particle momentum and/or kinetic energy, which means that the loss of reflectance is at 
least proportional to the square or even the cube of the wind velocity. The “two level full 
factorial” design thus may not be appropriate to derive an accurate degradation model.  
 
One alternative is to use a variant of the previous strategy, often referred as the “multiple 
levels full factorial” design. The difference is that the number of levels is not limited for 
each factor. This variant gives the possibility to investigate interactions and non linear 
effects. The disadvantage of this strategy is its relative complexity, as the number of 
experiments increases with the number of levels, as outlined in Table 12. If there are k 
factors and m levels for each factor, the number of experiments is equal to mk. If a full 
factorial test plan is selected, it is thus important to check that the number of experiments 
is compatible with given material and time constraints. In this study, the initial plan was to 
carry out a full factorial design with at least 3 levels for dust concentration (c1, c2, c3) and 
wind speed (v1,v2,v3) and add extra levels if necessary. The initial test plan thus consisted 
of a set counting 9 experiments. 
 
Table 12: Budget of experiments for different factorial designs 

Factor 1 
(# levels) 

Factor 2 
(# levels) 

Design # experiments 

3 3 32 9 
3 4 3x4 12 
4 4 42 16 
4 5 4x5 20 
5 5 52 25 

 
Time steps 

For each combination of wind velocity and dust concentration, the reflector sample will be 
exposed in the sandstorm chamber for a total exposure time t and each accelerated aging 
test will be interrupted at frequent time steps ∆t (Figure 17). Before defining the time step 
and the total exposure time, one has to be aware that the degradation after a certain 
exposure time is expected to be stronger for higher dust loads (high wind speed, high dust 
concentration) than for lower dust loads. It is also important to remark that test conditions 
have to remain stable during and between time steps. 
 
The first decision is to correlate or not the exposure time step with the dust/sand load. 
For instance one could decide to define a baseline time step for intermediate dust/sand 
loads, reduce the exposure time for high dust/sand loads and increase it for low dust/sand 
loads (Bouaouadja et al, 2000). The alternative is to define a time step that is independent 
of the dust load and which is sufficient to detect a significant loss in reflectance. In this 
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study, the decision was made to define a time step and a total exposure time that are 
independent of the dust/sand load. This decision was made to preserve a regular search 
space and to be able to compare the degradation of mirror samples after the same 
exposure time inside the sandstorm chamber. 
 
The second decision is to maintain or not a constant time step over the accelerated aging 
test. The first option is to maintain a regular time step over the degradation test. The 
second option is to increases the exposure time step in a geometrical fashion, if the loss of 
performance is expected to decrease exponentially with exposure time (Cooper, 1985), 
(Wang et al, 2010). The decision was made to maintain a regular time step over the 
accelerated aging test. This decision was made to preserve stable test conditions between 
time steps, as the concentration level is the most difficult parameter to control. 
 
Number of replicates 

The multi-parametric degradation model is an empirical model. Its robustness is affected 
by different source of errors in the experimental process. In order to evaluate the global 
experimental variability and assess the impact of control parameters, it is recommended to 
replicate each experiment to check their reproducibility and use Analysis of Variance 
(ANOVA) to derive a statistical regression model (Montgomery, 2001). Initially, it was 
planned to replicate each experiment 3 times. The test plan thus consisted of 3x9=27 
experiments. As only 20 mirror samples were cut from the parabolic facet, the idea was to 
carry out two replicates for each experiment and then perform a third replicate later on 
after cutting additional samples. 
 
Experimental planning 

Once the number of test levels and replicates are defined, it is necessary to define in which 
order the experiments will be carried out. Two important concepts may be relevant for 
planning experiments and reducing variability of noise factors: randomization and 
blocking. Experiments may be randomized to avoid bias caused by extraneous factors in 
the experimental process. Blocking is used to reduce or eliminate the variability caused by 
known nuisance factors (Montgomery, 2001). One possibility would be to define 3 blocks 
of 9 experiments and randomize the experiments within each block. In practice, it reveals 
to be difficult to apply randomization and blocking, because the concentration parameter 
has to be adjusted for each wind velocity. It is probably relevant to carry out all replicates 
in a row for one experiment and then modify the wind velocity and dust concentration 
levels to perform the next experiment in the test plan. 
 
c. Experimental procedure 

The experimental procedure for accelerated aging tests can be divided into four stages: 

• Stage 1: Spectrophotometer measurements before exposure 
• Stage 2: Degradation testing under sandstorm conditions 
• Stage 3: Spectrophotometer measurements after exposure 
• Stage 4: Qualitative observation of surface degradation 

 
Stage 1: Spectrophotometer measurements before exposure 

The front surface of mirror samples are first cleaned with pressurized air. The front 
surface of all mirror samples is then cleaned thoroughly with a solution of acetone and a 
soft tissue. Once the mirrors have dried, their hemispherical reflectance is measured with 
the Perkin Elmer Lambda 1050 spectrophotometer. Three measurements are recorded for 
each mirror samples, as mentioned in Section 3.2.3. In one day it is possible to measure up 
to 12 mirror samples if the spectrophotometer operates correctly.  
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Stage 2: Degradation testing under sandstorm conditions 

The next step in the procedure is to degrade the mirror samples under various sandstorm 
conditions, according to the designed test plan. First the sandstorm chamber is switched 
on and the pressurized air supply is turned on. The dust concentration sensor is cleaned 
before starting experiments according to maintenance procedures described in Section 
3.2.2. The wind velocity level is set up, the test chamber is warmed up for a couple of 
cycles, which last around 4 minutes each. During these warm up cycles, the injection is not 
activated and the dust concentration stability is monitored on the dust concentration 
sensor. If the dust concentration level is stable, the accelerated aging test can start. 
Otherwise, the dust concentration is adjusted, either by injecting additional dust into the 
chamber or removing some dust, for instance by inserting a porous material (sponge) in 
the test chamber. The warm up phase then continues, until the dust concentration level 
stabilized to the desired level, the injection function being deactivated. 
 
The mirror sample that is going to be exposed to blown dust/sand is then cleaned with a 
solution of demineralized water and a soft tissue. Its specular reflectance is then measured 
at 5 different points (Figure 18) with the D&S 15R portable reflectometer before the 
accelerated aging test starts. The measurements are recorded in an Excel worksheet and 
the average specular reflectance is calculated. The mirror sample is then inserted inside the 
chamber (Figure 15.b), always oriented in Position 1 as illustrated in Figure 18.a. The 
accelerated aging test then starts. The wind speed and the dust concentration variations are 
observed during the experiment. The accelerated aging test is interrupted after 4 minutes. 
The mirror sample is then removed from the test chamber and it is cleaned with a solution 
of demineralized water and dust particles are removed with a soft tissue. New specular 
reflectance measurements are taken and the test conditions (average wind velocity and dust 
concentration) are recorded in the Excel worksheet for this round. The degradation test 
then continues for another cycle of 4 minutes and the same procedure described above for 
the first cycle is repeated, until the total exposure time is at least equal to 1 hour.  
 
The specular reflectance is measured after the exposure test is finished. A curve is plotted 
in the Excel worksheet to show the relationship between specular reflectance and time of 
exposure for the given test conditions. The mirror sample is stored for future analysis. The 
dust concentration sensor is cleaned after the accelerated aging test is over. According to 
this procedure, a one hour accelerated aging test takes up to one labour day, depending on 
how fast the dust concentration stabilize to the desired level during the warm up phase. 
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Figure 18: Positions of mirror sample for specular reflectance measurement 

a) Reference position for the insertion in the test chamber and for the specular reflectance measurement  
b) 90° rotation to the left c) 180° rotation d) 90° rotation to the right e) Random orientation of the sample 
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Stage 3: Spectrophotometer measurements after exposure 

Once accelerated aging tests are completed, all reflector samples are cleaned with a 
solution of demineralized water and a soft tissue and their hemispherical reflectance is 
measured again with the spectrophotometer, as described in Stage 1. The specular 
reflectance measurements before and after exposure are analyzed in order to estimate the 
solar weighted specular reflectance, according to Section 3.2.3. 
 
Stage 4: Qualitative observation of surface degradation 

After the last round of spectrophotometer measurements, mirror samples exhibiting the 
worst degradation are selected for each replicate. The evaluation of surface degradation is 
based both on visual observations and specular reflectance measurements after exposure. 
Selected samples are analyzed with the Leica DMI 5000 M inverted microscope, according 
to the procedure described in Section 3.2.3. Surface degradation is compared qualitatively 
for different experimental conditions. 
 
d. Model validation 

After the derivation of the multi-parametric degradation model, the last step of the 
experimental process would be to test some sample mirrors at dust concentration and 
wind velocity levels that were not included in the original test plan in order to check the 
model adequacy. This validation round could not be carried out, because the accelerated 
aging test campaign had to be aborted prematurely and no multi-parametric degradation 
model could be derived. 
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4 Results and discussion 
This chapter covers the experimental results of the test campaign and the evaluation of the 
environmental test chamber. The results of the preliminary and accelerated aging test 
campaigns are first discussed in Section 4.1. As mentioned in the previous chapter, the 
preliminary test campaign had to be shortened due to time constraints and the accelerated 
aging test campaign had to be aborted because a contamination of the dust sensor was 
detected. It was thus not possible to derive a multi-parametric degradation model. In order 
to obtain consistent data, the dust concentration sensor and/or the test chamber design 
would need to be reviewed. This is discussed further in Section 4.2.  
 

4.1 Experimental results 
The experimental results of the preliminary and accelerated aging test campaigns are 
presented and discussed in this subsection. The preliminary test campaign was introduced 
in Section 3.3.1 and the accelerated aging test campaign was covered in Section 3.3.2. 

4.1.1. Preliminary test campaign 
According to Section 3.3.1, the preliminary test campaign was planned in order to learn 
how to control the sandstorm chamber and to check the stability of parameters such as 
wind velocity and dust concentration. In this subsection, the following points are covered: 
(a) the correlation between the blower RPM and the wind velocity, (b) the stability of 
average dust concentration between exposure cycles, only studied at one wind velocity, 
with no dust injection, (c) the tailoring of the degradation test procedure. The relevance of 
the mass rate formula (Eq. 16) could not be verified during this preliminary test campaign. 
 
a. Wind velocity 

The aim of the first set of preliminary experiments was to derive a correlation between the 
blower RPM (in %) and the wind velocity measurement (in m/s). This set of experiments 
was performed without inserting any sample inside the sandstorm chamber. The test 
chamber was not cleaned before these experiments, which mean that some residual dust 
was circulating inside the chamber during operation. However, no additional dust was 
injected during the experiments. 
 
In order to derive a wind velocity correlation, the blower RPM was varied in steps of 10%. 
The blower RPM was set to a constant value for a three minutes cycle. The wind velocity 
measurement was read on the test chamber control screen. After each cycle, the minimum 
and maximum values were recorded (+/- 0.1 m/s) and the average wind velocity was 
estimated. The average concentration was also read on the dust sensor and the sensor 
dynamic response was observed. After each cycle, a short break was introduced to allow 
the concentration level to reach a low value (<20 mg/m3) and also to dissipate the heat 
generated by the blower, in case of high velocities.  
 
The test levels selected for the blower RPM are listed in  
Table 13. Three rounds of experiments were performed to assess the repeatability. The 
dust concentration was observed to increase with the wind velocity, so that each round 
was interrupted if the dust concentration overshot the maximum value that can be 
measured by the sensor, i.e. 2,500 mg/m3. When the maximum dust concentration was 
exceeded, the sandstorm chamber was cleaned before starting a new round of experiments. 
To clean the sandstorm chamber, a sponge was positioned on the exposure tray and the 
RPM was set to 25%. This cleaning cycle was interrupted after three minutes or when the 
concentration measurement reached a value below 20 mg/m3. The maximum RPM level 
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was limited to 60%, because of the significant temperature rise observed inside the 
sandstorm chamber (Appendix 10). 
Table 13: Wind velocity – blower RPM correlation: test information 

Round 1 Round 2 Round 3 
Blower RPM Velocity range Blower RPM Velocity range Blower RPM Velocity range 

[%] [m/s] [%] [m/s] [%] [m/s] 
10% [1.1 – 1.5] 10% [1.2 – 1.6] 10% [1.1 – 1.5] 
20% [5.1 – 5.5] 20% [5.1 – 5.5] 20% [5.2 – 5.7] 
30% [8.6 – 9.1] 30% [8.7 – 9.2] 30% [8.9 – 9.5] 
40% [12.1 – 12.5] 40% [12.3 – 12.8] 40% [12.6 – 13.2] 

Cleaning / 50% [16.1 – 17.0] 50% [16.2 – 16.8] 
 Cleaning / 60% [19.8 – 20.8] 

 Cleaning / 
 
After the three rounds of experiments were carried out ( 
Table 13), a first wind velocity correlation was derived and additional tests were performed 
to check its validity. The final wind velocity correlation is illustrated in Figure 19. The 
relationship between the wind velocity v and the blower RPM is observed to be linear, as 
confirmed by the regression displayed on the top right corner of the graph. One can 
observe in Table 13 and Figure 19 that the velocity range increases at higher RPM levels. 
The uncertainty on the wind velocity measurement is estimated to +/- 0.2 m/s between 0 
and 7 m/s, +/- 0.3 m/s between 7 and 14 m/s and +/- 0.5 m/s above 14 m/s. 
 

Wind velocity correlation y = 37.677x - 2.2348
R2 = 0.9995
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Figure 19: Correlation between the blower RPM and the wind velocity 

 
Dust concentration measurements were recorded in parallel. The dust concentration level 
tended to increase with wind velocity, even though there was no clear correlation that 
could be derived between these two parameters. The average dust concentration was also 
observed to decrease after each cleaning round. 
 
b. Stability of average dust concentration 

The aim of the second set of preliminary experiments was to study the stability of average 
dust concentration between successive exposure cycles. In these experiments, the blower 
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RPM was set to 33% (ca. 10.2 m/s), no sample was inserted inside the sandstorm chamber 
and no dust was injected. The following parameters were varied: the cycle duration (in 
minutes) and the opening of the test chamber between cycles (Yes/No). The average 
concentration was read for each cycle from the dust concentration sensor. The sensor 
dynamic response was also observed. A break was introduced after each cycle to wait for 
the dust concentration to reach a low level (ca. below 20 mg/m3).  
 
The variation of the average dust concentration value is illustrated in Figure 20. The 
experiment consists of four rounds, described in the following paragraphs. The average 
dust concentration varies around a mean value of 380 mg/m3. The variation around this 
average is +/- 100 mg/m3 and the standard deviation is about 60 mg/m3. This is the 
estimated uncertainty for the average dust concentration when the dust injection is not 
activated. Here it is important to underline that the recording of dust concentration is 
semi-automatic. The logger function of the sensor has to be activated and de-actived 
manually, which means there is a delay of 1-2 seconds between the start (respectively stop) 
of the blower and the activation (respectively de-activation) of the sensor logger. These 
delays may cause a small error on the average concentration value (max. +/- 5 mg/m3), as 
the sampling time is set to 1 second. 
 
 In the first round, the test chamber was turned on and the cycle duration was varied 
between experiments (respectively [1;2;3;4] minutes) and the door to the exposure area was 
not opened between cycles. One can observe that the average value peaks for a cycle 
duration of 2 minutes and decreases when the cycle duration increases to 3 or 4 minutes. 
This can be explained by the sensor dynamic response (Figure 21): the dust concentration 
progressively decreases after 1 minute and this affects the average concentration value if 
the cycle duration is longer than 2 minutes. On the other hand, if the cycle duration is 
shorter than 2 minutes, the first low concentration values that are measured after the 
blower has been activated have a higher weight in the average. 
 
In the second round, the cycle duration was set to 1 minute and the door was not opened 
between cycles. The average concentration was observed to remain stable around 300 
mg/m3. After eight measurements, the door was opened to reproduce the insertion and 
the removal of samples inside the test chamber. An increase of the average concentration 
was observed at the beginning of the third round. The average concentration then 
decreases progressively, but it remained higher in comparison to the values recorded in the 
second round. This may be explained as follows: when the door is briefly opened and 
sealed, this cause a small vibration on the walls, where dust has been deposited over the 
experiments. This dust then drops from the walls and it circulates again in the chamber. 
However, as the door is repeatedly opened and sealed between cycles, there is a small loss 
of dust between cycles and the average dust concentration decreases consequently. 
 
After the third round, the operation of the test chamber was temporarily interrupted. In 
the fourth round, only the cycle duration was modified and set to 2 minutes to observe the 
sensor dynamic response. The door was still opened between cycles and there was no dust 
injection. The average concentration peaks at 500 mg/m3 for the first experiment and then 
it decreases progressively, confirming the previous observation about dust losses. These 
dust losses are probably favored by a higher air temperature inside the test chamber. This 
is observed visually when the door is opened. It is also observed on the dust sensor screen: 
when the test chamber is warmed up, the deposition of dust inside the test chamber tends 
to occur at a slower rate after the blower has been stopped. The time required for the dust 
concentration to reach a low value (ca. < 20 mg/m3) was observed to increase as the test 
chamber warmed up. 
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Variation of average dust concentration between cyc les
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Figure 20: Variation of average dust concentration between cycles 

 
The typical dust sensor dynamic response is illustrated in Figure 21. This response is 
observed when there is no dust injection or no action performed to remove the dust 
deposited on the chamber walls. The sensor response can be described as follows: during 
the first 20 seconds, the dust concentration raises sharply from a near zero level to a 
certain value. In the next 40 seconds, the dust concentration increases smoothly and 
stabilizes at the peak value. In the following minutes, the dust concentration decreases 
progressively. When the blower is turned off, the dust concentration measurement is 
observed to decrease almost exponentially, because of dust deposition on the walls.  
 
The knowledge of the sensor dynamic response is important in order to target a nearly 
constant average value between exposure cycles. If the dust injection is activated, it is 
preferable to allow a delay before the first injection because of the initial concentration 
raise (Figure 21). In order to avoid excessive injection, it is also recommended to define 
two different concentration levels: the test value (or target average) and the injection value. 
If the dust concentration measurement drops below the injection value, the injection is 
temporarily activated until the dust concentration exceeds this value. The aim is that the 
dust concentration oscillates around the target average. If the target average is set equal to 
the injection value, there is a risk of cycle interruption because the test chamber operation 
automatically stops after four consecutive injections (error message displayed on the 
control screen: ‘no dust’). The difference between the target average and the injection value 
should thus correspond to the allowed tolerance on the dust concentration. 
 
The dust injection mechanism revealed nonetheless difficult to control. When the dust 
sensor was not contaminated, the injection of dust caused a sharp increase in dust 
concentration, which prevented an accurate prediction of the average dust concentration. 
The dust injection mechanism parameters were set by default and it was thus difficult to 
predict the quantity of dust material that was going to be injected after each pulse. The 
only alternative that was found was to monitor the concentration level in real time and 
apply a soft clap on the chamber walls if necessary, in order to remove some dust deposits 
and thus increase the dust concentration. 
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Figure 21: Illustration of the dust sensor dynamic response (no injection) 

 
c. Degradation test 

The aim of the last set of preliminary experiments was to perform a few degradation tests 
in order to tailor a test procedure which could be repeated for accelerated aging tests. It 
was necessary to define the following points:  

• Which side of the sample material would be exposed to blowing dust (front/back)? 
• What would be the sample orientation? Would it be changed between cycles? 
• What would be the values for the exposure cycle duration and total exposure time? 
• How many specular reflectance measurements would be taken after each cycle? 

 
In addition it was important to check the wind velocity and control the dust concentration. 
Three degradation tests were performed in this set of experiments. The quantitative results 
of the first test are omitted here, because the test conditions could not be reproduced. The 
quantitative results of the other tests are available in Appendix 13 and are discussed next. 
Based on prior experiments performed thick glass reflector materials under simulated 
sandstorm conditions, the exposure of the backside was considered to be non relevant, as 
no specular reflectance loss was observed. 
 
The positioning and the orientation of the sample were respectively illustrated in Figure 
15.b. and in Figure 18.a. The decision was made to not modify the orientation between 
successive exposure cycles, even though this may induce a non homogeneous surface 
degradation. The exposure cycle duration was varied during these experiments (1,2,3,4 or 5 
minutes) and finally adjusted to 4 minutes. This was considered to be a sufficient time to 
observe a significant loss of specular reflectance and also maintain stable test conditions. 
The total exposure time was set to 60 minutes in order to be able to perform one test per 
day. The specular reflectance was measured at three different points for the first two 
experiments. Then it was measured across five points for the third experiments, according 
to Figure 18. This procedure modification was made to increase the measurement accuracy 
and detect non homogeneous degradation, by defining measurement positions. 
 
During this set of experiments, a difference was observed between the wind velocity 
predicted from the wind velocity correlation (Figure 19) and the wind velocity measured in 
the chamber. The difference was about 0.4 m/s. This is explained by the insertion of the 
sample inside the test chamber. The sample increased the resistance to air flow of the 
exposure area and this reduced the wind velocity. The variation of average concentration 
between exposure cycles is illustrated for all three experiments in Figure 22. It is here 
worth noting that the dust injection mechanism was never activated. One can observe a 
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significant difference between the mean value of the first test (550 mg/m3) and the two 
other tests (650 and 660 mg/m3). For the first test, one can also observe a high average 
concentration value for the tenth exposure cycle. The average concentration was 
previously observed to decrease for three successive cycles and the decision was taken to 
apply a manual clap on the chamber walls. This was the first time this “technique” was 
used and the strength of the clap was probably too strong. The average concentration then 
decreased progressively in the next rounds, without any additional clap. This technique was 
adjusted for the next experiments and the average concentration was observed to oscillate 
around a target value, as illustrated in Figure 22. This technique was thus validated for the 
control of average dust concentration. The inconvenient of this technique is that the dust 
concentration must be monitored in real time to react with the ‘right’ timing, which is left 
to the appreciation of the operator. 
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Figure 22: Preliminary degradation tests: variation of the average dust concentration 

 
The last point to consider is the repeatability of degradation under similar test conditions. 
The loss of specular reflectance over exposure time is illustrated in Figure 23 for the 
second and the third preliminary degradation experiments. If one compares the total loss 
of specular reflectance (Appendix 13), one notices that the difference is equal to 8.3% for 
the first test (650 mg/m3, 9.7 m/s) and 10.1% for the second test (661 mg/m3, 9.8 m/s). 
The difference in absolute reflectance loss between the two experiments is thus equal to 
1.8%. Moreover, one can observe that the average specular reflectance does not necessarily 
decrease after each exposure cycle, especially for the first test (650 mg/m3, 9.7 m/s). It is 
also worth noticing that the standard deviation of reflectance measurements tended to 
increase over the exposure time. These observations may be explained by experimental 
factors such as the quality of cleaning between cycles, a potential non homogeneous 
degradation inside the test chamber, different cycle durations and also different number of 
measurement points for specular reflectance. 
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Figure 23: Preliminary degradation tests: loss of specular reflectance 

 
Two models are fitted to the average specular reflectance for each experiment. The first 
model is a linear model (Eq. 17) and the second is an exponential model (Eq. 18), where 
the terms A and B correspond to regression coefficients, which where derived with a least 
square method implemented in Microsoft Excel. The regression coefficient A is here 
supposed to correspond to the initial reflectance before exposure and the regression 
coefficient B should characterize the rate of degradation. The value of these regression 
coefficients is observed to differ from model to model and also between experiments ( 
Table 14). The goodness of fit is assessed by the coefficient of determination R2 (%). A 
high R2 value tends to indicate a good fit, even though this is not a sufficient criterion 
(Montgomery, 2005). One can observe in  
Table 14 that the exponential model seems to have a higher fitness than the linear model at 
first glance, even though the difference is probably not statistically significant. 
 

Linear model: tBAtspec .)( −=ρ  Eq. 17 

Exponential model: ).exp(.)( tBAtspec −=ρ  Eq. 18 

 
Table 14: Preliminary degradation tests: comparison of linear and exponential models 

Test conditions Linear model R2 (linear) Exponential model R2 (exp) 
650 mg/m3, 9.7 m/s 94.146 -0.124.t 94.29% 94.182.exp(-0.0014.t) 94.49% 
661 mg/m3, 9.8 m/s 94.858 -0.184.t 96.14% 94.938.exp(-0.0021.t) 96.45% 
 

4.1.2. Accelerated aging test campaign 
The accelerated aging test campaign has been described thoroughly in Section 3.3.2. The 
modeling approach and the search space have been illustrated respectively in Figure 16 and 
in Figure 17. The qualitative and quantitative results of this test campaign are covered in 
this subsection. First, the experimental test conditions and the test plan are summarized. 
Second, the loss of specular reflectance over exposure time is compared for different 
experimental conditions. Third, the analysis of hemispherical reflectance data is discussed. 
Last, a qualitative analysis of the surface degradation is made based on microscope images. 
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a. Experimental test plan and test levels 

According to the experimental design described in Section 3.3.2, the initial plan was to 
select at least three dust concentration levels (c1, c2 and c3) and three wind velocity levels 
(v1, v2 and v3) and then carry out a total of 9 experiments, as illustrated in Figure 24. All 
experiments would be performed according to the experimental procedure presented in 
Section 3.3.2. The range of values for dust concentration and wind velocity were both 
defined in the MIL-STD-810 G, method 510.5 (Section 3.1.2). The dust concentration 
could theoretically vary within the range [0.18-17 g/m3] and the wind velocity could vary 
between 0.5 and 29 m/s. Finally, it was suggested in Section 3.3.2 to replicate each 
experiment three times to assess the experimental repetability. 
 

 
Figure 24: Accelerated aging testing: experimental design, test combinations 

 
There were a few technical restrictions to this initial plan. First, the number of available 
mirror samples only allowed to perform two replicates for each experiment. Next, the test 
chamber manufacturer recommended to keep the sandstorm chamber below 45°C to not 
damage the dust sensor. This restricted the wind velocity range from 0 to 20 m/s 
(Appendix 10). Finally, the dust concentration sensor range was limited from 0 to 2,500 
mg/m3 (Appendix 11). Based on this information, it was necessary to select appropriate 
test levels and define the sequence of experiments.  
 
The minimum wind velocity (level v1) was set to 6 m/s, as the literature review indicated 
that this was the lowest value for dust/sand storms. The maximum wind velocity (level v3) 
was set to 18 m/s because of the technical restriction mentioned above. It is here 
important to remark that the value of 18 m/s corresponds to the lower limit of the sand 
blowing procedure (MIL-STD-810 G, method 510.5). Finally, the last wind velocity (level 
v2) was defined as the midpoint of [v1;v3] i.e. 12 m/s. The wind velocity correlation 
illustrated in Figure 19 was used to derive the corresponding blower RPM (in %), adding 
an extra 1% to take into account the increased resistance to air flow caused by the 
insertion of a mirror sample inside the chamber.  
 
Concerning the dust concentration, it was observed during the preliminary test campaign 
that this parameter was more difficult to control than the wind velocity. Moreover, as the 
dust sensor had been calibrated by its manufacturer for Arizona fine test dust and as it 
could not be calibrated for Arizona coarse dust (which is used in the sandstorm chamber), 
the absolute dust concentration value was not considered to be relevant. Thus the decision 
was made to consider only relative dust concentration levels. The minimum value (level c1) 
was defined as the reference and the initial idea was to set the second value (level c2) and 
the third value (level c3) so that c2=2*c1 and c3=3*c1 or (4*c1). 
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The next point was to define a sequence of experiments. During the preliminary test 
campaign, the dust concentration was observed to increase with wind velocity, without 
injection and also after removing some dust from the chamber. The initial idea was then to 
clean the chamber to start at the lowest wind velocity and the lowest dust concentration 
(Figure 24, combination 1) and then increase the wind velocity (Figure 24, combinations 5 
and 9). The chamber would then be cleaned again to perform combinations 2, 3 and 6. 
Finally dust would be injected inside the chamber and the last combinations would be 
performed (4, 7 and 8). In order to reduce the injection or removal of dust, the decision 
was made to perform each couple of replicates in a row. The dust concentration would be 
adjusted during the machine warm up phase before the first replicate (day 1). No dust 
would be injected during the experiment, as discussed in Section 4.1.1. The dust 
concentration would be checked during a shorter machine warm up phase, before starting 
the second replicate (day 2). The dust concentration would then be adjusted by injection or 
cleaning for the next experiment, and so on. 
 
The sequence of experiments is summarized in Table 15. The detailed test information is 
available for each experiment in Appendix 14. The first two replicates (i.e. SS-PT-01 and 
SS-PT-02) were performed at ca. 6 m/s (level v1) and 383-384 mg/m3 (level c1). The wind 
velocity was then raised to ca. 12 m/s (level v2) for the next two replicates (SS-PT-03 and 
SS-PT-04) and the dust concentration nearly doubled, to reach ca. 900 mg/m3 (level c2). 
On 15/07/2011, an attempt was made to increase the wind velocity to 18 m/s (level v3) to 
define a third dust concencentration level c3. However, the dust concentration could not 
be controlled so the wind spead was reduced to the second level (12 m/s) and the dust 
concentration level was approximately adjusted to the first level (c1, 400 mg/m3) for the 
next two replicates (SS-PT-05 and SS-PT-06). 
 
Table 15: Accelerated aging test campaign: sequence of experiments 

Date Sample Wind velocity 
Mean average 
concentration 

Exposure 
duration 

Comments 

11/07/2011 SS-PT-01 6.1 +/- 0.3 m/s 384 mg/m3 90 min No injection 
12/07/2011 SS-PT-02 6.2 +/- 0.3 m/s 383 mg/m3 90 min No injection 
13/07/2011 SS-PT-03 12.1 +/- 0.3 m/s 890 mg/m3 60 min No injection 
14/07/2011 SS-PT-04 12.0 +/- 0.3 m/s 911 mg/m3 60 min No injection 
15/07/2011 SS-PT-05 12.2 +/- 0.3 m/s 401 mg/m3 60 min No injection 
18/07/2011 SS-PT-06 12.1 +/- 0.3 m/s 399 mg/m3 60 min No injection 
19/07/2011 SS-PT-07 6.0 +/- 0.2 m/s 714 mg/m3 60 min Dust injection 

20/07/2011 SS-PT-08 17.6 +/- 0.3 m/s 349 mg/m3 60 min 
Dust injection 
Contamination ! 

21/07/2011 SS-PT-09 6.0 +/- 0.2 m/s 122 mg/m3 60 min 
Dust injection 
Contamination ! 

22/07/2011 SS-PT-10 17.5 +/- 0.3 m/s 119 mg/m3 60 min 
Dust injection 
Contamination ! 

 
The planned test sequence described above was modified after the sixth experiment. For 
the seventh experiment, the aim was to reduce the wind velocity to v1 and increase the 
dust concentration to c2, so that the square of combinations (1,2,4,5) in would be 
completed. Dust was consequently injected before the start of the experiment in order to 
increase the dust concentration from c1 to c2. The dust concentration was set to 900 
mg/m3 on the test chamber control screen. Even though the dust mechanism was 
activated, the dust concentration measurement always stabilized below 900 mg/m3. The 
experiment was performed with an injection level set at 700 mg/m3, but each exposure 
cycle was interrupted because the dust concentration failed to stabilize above 700 mg/m3. 
The contamination of the dust sensor was then first suspected. 
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The next day (29/07/2011), the sensor contamination was confirmed. The control of the 
dust concentration parameter was lost. The dust sensor did not respond to dust injection 
and the dust concentration measurement seemed to underestimate the “real” dust 
concentration inside the sandstorm chamber. The wind velocity was then set to ca. 18 m/s 
(level v3) to observe the mirror degradation under the highest dust load. The two last 
experiments were performed to degrade the mirror sample to a certain level of specular 
reflectance, in order to have different surface degradation states for the microscope 
analysis. The dust concentration measured by the sensor continued to decrease during 
these experiments and the accelerated aging test campaign had to be aborted because of 
the dust sensor contamination. 
 
b. Loss of specular reflectance 

The initial aim of the experiments described above was to investigate the loss of specular 
reflectance over exposure time and attempt to derive a multi-parametric model (Figure 16). 
As mentioned in Section 3.3.2, each experiment was interrupted at regular time intervals to 
measure the mirror sample specular reflectance and record the average dust concentration. 
This information is available for each experiment in Appendix 14. The variation of average 
dust concentration between exposure cycles and the loss of specular reflectance over 
exposure time are illustrated for each experiment in Appendix 15.  
 
As the accelerated aging test campaign had to be aborted prematurely, the derivation of a 
multi-parametric model for the loss of specular reflectance was considered irrelevant. The 
next paragraphs focus on the experimental data that is judged relevant. This includes the 
first six experiments (Table 15). Referring to the test matrix illustrated in Figure 24, this 
means that information is only available for the three test combinations 1, 4 and 5. Two 
replicates have been performed for each of these combinations and it is thus possible to 
make a preliminary repeatability assessment. 
 
The loss of specular reflectance over exposure time is illustrated for these three test level 
combinations (i.e. (c1, v1), (c1,v2) and (c2, v2)) in Figure 25. Each data point corresponds 
to the average specular reflectance over five measurements (Figure 18) after a certain 
exposure time. For each data point, a vertical error bar is plotted to represent statistical 
dispersion. The dispersion here corresponds to the standard deviation. One can observe 
from Figure 25 (also from Appendix 14 and from Appendix 15) that the statistical 
dispersion tends to increase both with the exposure time and the dust load or dust mass 
rate (cf. mass rate formula: Eq. 16).  
 
The repeatability between replicates is observed in Figure 25 to decrease for higher dust 
loads. For the first experimental combination (c1≈ 380mg/m3, v1≈ 6.0m/s), the absolute 
specular reflectance loss after 60 minutes is respectively equal to 1.32% (SS-PT-01) and 
0.80% (SS-PT-02). For the second experimental combination (c1≈ 400mg/m3, v1≈ 
12.0m/s), the absolute specular reflectance loss is respectively equal to 7.28% (SS-PT-05) 
and 5.48% (SS-PT-06). Last, for the third experimental combination (c1≈ 900mg/m3, v1≈ 
12.0m/s), the absolute specular reflectance loss is respectively equal to 15.62% (SS-PT-03) 
and 11.96% (SS-PT-04). 
 
The variability in specular reflectance measurements is assumed to be caused by noise 
factors such as the non homogeneity of dust circulation inside the chamber and the quality 
of cleaning between exposure cycles. The variation of average dust concentration between 
exposure cycles is relatively small, as can be observed in Appendix 15. However it was 
visually observable that the bottom right corner of samples were generally the most 
degraded region. This non homogeneous degradation became more evident for high dust 
loads. One explanation for this non homogenous degradation could be that the dust 
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concentration is not constant across the exposure surface, i.e. there may be more dust that 
impact the bottom right corner than the upper left corner of the sample, because the path 
for dust particles is shorter in the first case. 
 
Although a limited number of test level combinations is available for analysis, it is worth to 
observe the difference in degradation when the dust concentration or the wind velocity 
doubles. For the first combination (c1, v1), the average absolute loss of reflectance after 60 
minutes is about 1.06%. For the second combination (c1, v2=2*v1), the average absolute 
loss of reflectance equals 6.38%. Finally, the average absolute loss of reflectance is equal to 
13.79% for the third combination (c2=2*c1, v2=2*v1). When the dust concentration 
doubles, the wind velocity being equal, the absolute loss of reflectance increases also by a 
factor 2 (13.79%/6.38%). When the wind velocity doubles, the dust concentration being 
equal, the absolute loss of reflectance increases by a factor 6 (6.38%/1.06%).  
 
The impact of wind velocity on the loss of specular reflectance is consequently expected to 
be higher than the impact of dust concentration. On the one hand, it seems that the loss of 
specular reflectance is directly proportional to the dust concentration. On the other hand, 
it seems that the loss of specular reflectance is not proportional to the wind velocity, but to 
higher orders (square and or/cube), as formulated by Collier (1980) (Eq. 8). Additional 
experiments would be required to confirm these first observations. For instance, one could 
perform a couple of replicates for the combination (c2 ≈ 900 mg/m3, v1≈ 6.0 m/s) to 
investigate further the cross interaction between the dust concentration and the wind 
velocity parameters. 
 

Loss of specular reflectance - comparison of accelerated aging tests
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Figure 25: Loss of specular reflectance: comparison of accelerated aging tests 

 
The final step of this analysis is to compare the linear and exponential models, which have 
been respectively formulated in (Eq. 17) and (Eq. 18). The results of the regression analysis 
are summarized in Table 16 for the six experiments considered above. For both model, the 
regression coefficient A corresponds to the initial specular reflectance (in %) while the 
regression coefficient B characterizes a rate of degradation. The rate of degradation is 
expressed in %/min for the linear model while it is expressed in min-1 for the exponential 
model. Both models have been derived taking into account 60 minutes of exposure time. 
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As one can observe in Table 16,the R2 coefficient tends to have a higher value for the 
exponential model in comparison to the linear model. The difference tends to increase 
with the dust load: both models are almost equivalent for the combination (c1, v1), the 
difference in R2 coefficients between the linear and exponential model is about 0.2% for 
the second combination (c1, v2) and it raises to 0.4-0.8% for the third combination (c2, 
v2). This supports the model formulated by Cooper (1985) (Eq. 9). However, it would be 
relevant to perform a complete accelerated aging test campaign (Figure 24) to confirm that 
the adequacy of the exponential model is higher than the adequacy of the linear model. 
 
The next point is to compare the relative value of regression coefficients for different test 
conditions. In principle, the initial specular reflectance (coefficient A) should be similar for 
all models and it should converge to the mirror nominal specular reflectance, which is 
above 94.4% for this type of material, according to Appendix 8. Here the maximal value is 
slightly above 95.3% and the minimum value is about 92.4%. The variation around the 
nominal value is quite significant. In order to derive a multi-parametric model, it would be 
required to define a constraint on this coefficient before performing a statistical regression. 
Concerning the degradation rate (regression coefficient B), the dispersion is again observed 
to increase with the dust load. If one focus on the exponential model, one can notice that 
this coefficient is roughly multiplied by a factor 6 when the wind velocity is doubled, while 
it is almost multiplied by a factor 2 when the dust concentration doubles. This concurs 
with the previous observation made concerning the absolute loss of specular reflectance: 
the wind velocity has a higher impact on the degradation rate than the dust concentration. 
 
To conclude, the multi-parametric model could be formulated as an exponential model, 
where the initial specular reflectance is set to a nominal value and the degradation rate is 
expressed as a function of dust concentration and wind velocity. Additional experiments 
would be required to perform in order to confirm the goodness of fit of the exponential 
model on the one hand and derive a degradation rate function on the other hand. 
 
Table 16: Loss of specular reflectance: comparison of linear and exponential models 

Test conditions Linear model R2 (linear) Exponential model R2 (exp) 
c1= 384 mg/m3 
v1= 6.1 m/s 

A= 95.315 % 
B= 0.0234 %/min 

98.76% 
A = 95.317 %. 
B= 0.0002 min-1 

98.78% 

c1= 383 mg/m3 
v1= 6.2 m/s 

A= 94.642 % 
B= 0.0120 %/min 

90.71% 
A= 94.642 % 
B= 0.0001 min-1 

90.70% 

c2= 890mg/m3 
v2= 12.1 m/s 

A= 92.439 % 
B= 0.2425 %/min 

96.51% 
A= 92.576 % 
B= 0.0028 min-1 

97.31% 

c2= 911 mg/m3 
v2= 12.0 m/s 

A=93.611 % 
B= 0.2050 %/min 

98.09% 
A=93.720 % 
B= 0.0023 min-1 

98.46% 

c1= 401 mg/m3 
v2= 12.2 m/s 

A= 93.919 % 
B= 0.1123 %/min 

98.38% 
A=93.952 % 
B= 0.0012 min-1 

98.58% 

c1= 399 mg/m3 
v2= 12.1 m/s 

A= 94.002 % 
B= 0.0884 %/min 

94.01% 
A=94.017 % 
B= 0.0010 min-1 

94.22% 

 

c. Loss of hemispherical reflectance and solar weighted optical characteristics 

In order to complete the previous analysis, which focused on the loss of specular 
reflectance over exposure time, it is also interesting to consider the results of hemispherical 
measurements. As mentioned in Section 3.3.2, the hemispherical reflectance was measured 
for each sample twice: before and after exposure. The hemispherical reflectance was then 
weighted with the standard solar spectrum ASTM G173-03 (direct) to derive optical 
characteristics such as the solar weighted hemispherical reflectance and the solar weighted 
specular reflectance. 
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Before exposure 

The hemispherical reflectance was measured for each of the 10 samples listed in Table 15 
before exposure to simulated sandstorm conditions. As the mirror samples had similar 
characteristics before exposure, it was relevant to calculate an average hemispherical 
reflectance spectrum and also to average solar weighted optical characteristics. The average 
hemispherical reflectance spectrum before exposure is plotted in Figure 26. The average 
optical characteristics are summarized in Table 17. The average specular reflectance is 
estimated at 94.7%. The gloss index is estimated at 99.7%, which means that the samples 
are very specular before exposure. The average solar weighted hemispherical reflectance is 
above 93.3% and the average solar weighted specular reflectance is about 93%. These 
average characteristics are here used as a reference for comparison. The standard deviation 
was calculated for these values and it could be neglected. 
 
Figure 26: Average hemispherical reflectance before exposure 
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Table 17: Summary of average optical characteristics before exposure 

Sample : Average (SS-PT-01, …, SS-PT-10)  Before exposure  
Average hemispherical reflectance: ρhem (λ=660 nm) 94.98% 
Average specular reflectance: ρspec (λ=660 nm, θ = 25 mrad) 94.70% 
Gloss index  at 660 nm: (ρspec/ ρhem) 99.70% 
Solar weighted hemispherical reflectance ρSWH  
ρSWH (ASTM G173): Average 93.34% 
Solar weighted direct reflectance ρSWD (θ = 25 mrad)  
ρSWD (ASTM G173-03): Average 93.06% 

 

After exposure 

The hemispherical reflectance measurements after exposure are compared graphically to 
the reference measurement described above in Appendix 16. The optical characteristics 
calculated after exposure are compared to initial values before exposure for each sample in 
Appendix 17. The optical characteristics after exposure are here summarized in Table 18. 
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The observations that can be made here are very similar to the observations made about 
specular reflectance data. For each material sample, three hemispherical reflectance 
measurements are performed. The standard deviation of solar weighted characteristics 
indicate the variability between these three measurements and thus help to quantify the 
measurement uncertainty. One can observe that these standard deviations tend to increase 
with the dust load. This indicate that the surface degradation become more and more 
inhomogeneous with higher dust loads. Finally, one can observe that the variability 
between replicates also tends to increase with higher dust loads for all calculated optical 
charactertistics: gloss index, solar weighted hemispherical and specular reflectances. 
 
Table 18: Summary of optical characteristics after exposure 

 
Test combination 1 

(6.0 m/s, 384 mg/m3) 
Test combination 2 

(12 m/s, 900 mg/m3) 
Test combination 3 

(12 m/s, 400 mg/m3) 
Samples: SS-PT-… 01 02 03 04 05 06 

Hemispherical reflectance: 
 ρhem (660 nm) 

94,24% 94,53% 87,09% 88,13% 90,84% 91,73% 

specular reflectance: 
 ρspec (660 nm, 25 mrad) 

93,58% 93,84% 78,90% 82,42% 87,18% 89,16% 

Gloss index  at 660 nm:  
(ρspec/ ρhem) 

99,30% 99,27% 90,60% 93,52% 95,97% 97,19% 

Solar weighted hemispherical reflectance ρSWH (ASTM G173-03, direct) 
Average value 92,51% 92,81% 85,42% 86,27% 89,11% 89,97% 
Standard deviation 0,17% 0,10% 1,43% 1,56% 0,73% 0,39% 

Solar weighted direct reflectance ρSWD 25 mrad) (ASTM G173-03, direct) 
Average value 91,86% 92,13% 77,38% 80,68% 85,52% 87,44% 
Standard deviation 0,41% 0,25% 2,21% 2,73% 1,48% 0,75% 

 
d. Microscope images 

After the accelerated aging test campaign, some mirror samples with different levels of 
specular reflectance were selected for a qualitative analysis of their surface degradation 
using microscope imaging techniques. The microscope images are displayed in Figure 27. 
The first image (Figure 27.a) corresponds to a sample that has not been exposed inside the 
test chamber. For the other samples (Figure 27.b-f), the worst degraded region was 
selected. Each of these sample was exposed for a total exposure time of 60 minutes. The 
population of degraded samples include three mirror samples that were degraded under 
unstable conditions (SS-PT-08, SS-PT-09 and SS-PT-10).. 
 
The surface degradation can be characterized by the number of spots or “flakes” and their 
size distribution (Wang et al., 2010). One can observe in Figure 27 that the number of 
spots increases rapidly as the specular reflectance decreases. The average spot size also 
tend to increase as the specular reflectance decreases. In order to perform a quantitative 
analysis and correlate these characteristics with experimental conditions (exposure time, 
dust concentration and wind velocity), it would be necessary to implement a scanning 
algorithm to detect and count the number of surface defects and classify them by size. 
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a)Reference sample, no degradation  
(ρspec : ≈ 94. 6%); Scale : 200 µm 

b)Sample SS-PT-09, 6 m/s, unknown concentration 
(ρspec  ≈93% after exposure); Scale : 250 µm 

  

c) Sample SS-PT-05, 12 m/s, ≈ 400 mg/m3 
ρspec  ≈87% after exposure; Scale : 150 µm 

d) Sample SS-PT-03, 12 m/s, ≈ 900 mg/m3 
ρspec  ≈79% after exposure; Scale : 150 µm 

  

e) Sample SS-PT-10, 17.5 m/s, unknown concentration 
ρspec  ≈68% after exposure; Scale : 150 µm 

f) Sample SS-PT-08, 17.5 m/s, unknown concentration 
ρspec  ≈52% after exposure; Scale : 250 µm 

Figure 27: Surface degradation after exposure (microscope focus lens: x5) 
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4.2 Re-design of the test chamber 
As mentioned in Section 3.2.2, the environmental test chamber used for dust/sand storm 
simulations is a prototype equipment which was supposed to perform environmental tests 
according to the military standard MIL-STD-810 G (Section 3.1.2). After the accelerated 
aging test campaign, several shortcomings in the test chamber design were detected, so 
that a re-design should be carefully considered before performing further accelerated aging 
test campaigns. In this section, design non conformities are first summarized in Section 
4.2.1. Alternative test chamber design options are then briefly introduced and compared in 
Section 4.2.2 based on a literature review. 

4.2.1. Non conformities in test chamber design 
The design non conformities have already been mentioned in the previous sections of this 
report. The purpose of this section is to summarize these design anomalies in order to 
suggest potential solutions for a new test chamber design. One can here distinguish two 
main categories of design issues: those related with the closed chamber design and those 
related with the dust concentration sensor.  
 
a. Closed chamber design 

First, it is important to remark that the existing test chamber did not include any sensor to 
measure air temperature and relative humidity. It was thus not possible to control these 
parameters. The wall temperature of the test chamber was observed to increase with the 
wind velocity, which complies with the information given by the supplier (Appendix 10). 
The relative humidity was unknown. However, a high relative humidity would cause the 
caking of dust particles, according to the MIL-STD-810 G (method 510.5). In principle, 
both parameters should be held at a constant value during experiments. It would thus be 
required to install two sensors inside the chamber: one would record the air temperature 
and the other would measure the relative humidity. This is however not sufficient. In order 
to control both parameters, it would be required to add an evaporator and a de-humidifier, 
as suggested in ControlTecnica commercial documentation. The user would then have the 
possibility to set a temperature and a relative humidity level via the control touch screen. 
The temperature and the relative humidity measurements would be used respectively as a 
feedback for the evaporator and the de-humidifier controls. 
 
The next critical design point is the spatial homogeneity of test parameters inside the test 
chamber. The test chamber is a closed loop with two vertical and two horizontal segments, 
as illustrated in Figure 7. The dust injection mechanism is connected to the bottom 
horizontal segment, the blower connects the bottom horizontal segment to a first vertical 
segment. This vertical segment is connected to the top horizontal segment, where the wind 
velocity sensor is located. The dust then falls in a vertical segment, where the exposure 
area is located. The dust sampled for concentration measurements is extracted via a plastic 
tube (tube diameter: approx. 1cm), which is connected between the bottom horizontal 
segment and the second vertical segment, between the wind velocity sensor and the 
exposure area. This configuration does not guarantee that the measured wind velocity and 
dust concentration values correspond to actual values that would be measured around the 
exposure area. Furthermore, it is not guaranteed that the current sensor measurements 
account for the cross section variability. The surface degradation was observed to be non 
uniform. The wind velocity regime may be turbulent inside the chamber. The dust 
concentration is also probably not homogeneous across the exposure area. These non 
homogeneities are probably caused by the chamber geometry. In order to verify these 
observations, it would be required to verify at least the mass rate formula (Eq. 16), as 
discussed in Section 3.3.1.c. 
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Another issue is the control of the dust concentration level during experiments. While the 
wind velocity is correlated to the blower RPM (Figure 19), there is no efficient mean to 
control the dust concentration. The air circulation circuit is a closed loop. The amount of 
dust that leaks out of the circuit during operation is negligeable. Dust is mainly released in 
the ambient air when the door to the exposure area is opened. Dust losses could be 
compensated with the injection mechanism, but there is not enough information to 
control this mechanism and determine the exact quantity of dust that is injected at each 
pulse. Moreover, the dust tends to settle on the walls and the deposition rate seems to be 
temperature dependent, so that the exact quantity of dust inside the test chamber is nearly 
impossible to predict. The control of the dust load may be more accurate with a direct 
measurement of the dust mass rate (Eq. 16). 
 
Another potential issue is related to the stability of dust properties over time. The mineral 
composition and the particle size distribution have been illustrated for Arizona test dust in 
Figure 12 and Figure 13. These characteristics are assumed to be valid before the dust is 
introduced in the dust tank. These characteristics may however change over time, because 
the dust is always recycled in the air circulation loop. There is no equipment available in 
the laboratory to measure the particle size distribution or mineral composition. It is not 
guaranteed that the characteristics of dust losses or dust deposits are exactly similar to the 
initial dust. Moreover, the larger dust particles may loss their angular structure over time, 
so that the mean particle diameter tends to decrease over time. This depends on the initial 
sphericity of dust particles, which is here unknown. 
 
Last but not least, it is not possible to record the wind velocity and the dust concentration 
values with the current chamber configuration. The user has to monitor both parameters 
in real time. While the dust concentration is recorded by using the dust sensor logger 
function and displayed graphically, the wind velocity can not be recorded. The addition of 
an external computer unit recording both parameters synchronously would be helpful to 
guarantee the traceability of measurements. 
 
b. Dust concentration sensor 

The dust concentration sensor is a key component in the environmental test chamber, as 
mentioned in Section 3.2.2.c. The dust concentration is an input of the multi-parametric 
model (Figure 16) and this measurement is also used as a feedback for the dust injection 
mechanism. It is consequently important to measure the dust concentration as accurately 
as possible. Two shortcomings have been noticed with the current sensor configuration: 
(a) the calibration was not accurate and (b) the dust sensor contaminated after a few tests. 
 
As discussed in Section 3.2.2.c, the dust concentration sensor has been calibrated by its 
manufacturer for Arizona ´fine´ dust while Arizona ´coarse´dust has been injected in the 
test chamber. As the dust concentration sensor is known to be more sensitive to small 
particles (Casella USA, n.d.2), the sensor response is expected to be maximum for fine 
dust, which means that the dust concentration measurement is probably under estimated 
in the test chamber because of the injection of coarse dust. The solution would be to 
perform a specific calibration (described in Section 3.2.2.c) in order to define a correction 
factor (Eq. 13). This requires additional accessories, for instance a gravimetric adapter, a 
pre-weighted filter and a sampling pump (Casella USA, 2003). 
 
The dust concentration sensor has been contaminated twice since the installation of the 
test chamber, each time after a few weeks of testing. The cause of this contamination has 
been identified: the cleaning procedure is not adapted to the dust exposure. This sensor 
should actually be purged continuously.The following recommendation is made in one of 
the sensor manufacturer technical documentation (Casella USA, n.d.2): 
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“the cleaning regime depends upon how the instrument is used. For example in hand-held applications 
[…], it may require a 30 second clean on a daily basis. However, in a situation where the Microdust Pro 
is continually being exposed to dust (for example in a dust chamber), there is a requirement to use the purge 
continuously. With this type of application it is necessary to connect up a clean, local air supply capable of 
supplying a small airflow (2-4 liters per minute) continuously.” 
 
Another minor limitation associated with the current dust concentration sensor concerns 
its measurement range. According to Appendix 11, this sensor measures concentrations up 
to 2.5 g/m3. However, according to the blown dust procedure described in MIL-STD-810 
G, method 510.5 (Section 3.1.2.a), it is recommended to maintain the dust concentration at 
10.6 +/- 7 g/m3 for the blowing dust test procedure. Even though the tolerance on this 
dust concentration value is high, the minimum value is 3.6 g/m3 for the blowing dust 
procedure. This lower value can not be measured by the current dust concentration sensor. 
 
Beside these shortcomings, it is also important to remark that the sensor logger function is 
not synchronized with the test chamber control screen, so that the user has to activate 
(respectively deactivate) the sensor logger function after the activation (respectively the 
deactivation) of the test. This lack of synchronization has a negligible impact on the 
average dust sensor concentration. However, synchronizing the control screen and the 
logger function would increase the degree of automation. The user would then only have 
to activate the test on the chamber control screen instead of doing multiple operations. 

4.2.2. Alternative test chamber designs 
The existing test chamber exhibits several shortcomings which affect its operation and also 
the repeatability of experiments, as summarized above in Section 4.2.1. This subsection 
intends to provide a brief overview of alternative test chamber design options, based on a 
review of scientific literature and standards. Four options have been identified: 

• Option A: Closed system with air re-circulation (reference) 
• Option B: Sand blower design 
• Option C: Wind tunnel designs 
• Option D: Sand trickling design 

 
a. Option A: Closed system  with air re-circulation 

The first option that should be considered is to conserve the existing equipment and make 
some adjustments to correct the non conformities summarized in Section 4.2.1. The dust 
sensor would have to be returned to its supplier (Casella CEL) for a de-contamination and 
a re-calibration. Standard accessories should be requested to perform specific calibration 
and continuous purging. The accessories required for specific calibration are described in 
the user manual (Casella USA, 2003). For the continous purging, the dust concentration 
sensor would be integrated in a protective laboratory enclosure, as illustrated below in 
Figure 28. This sensor configuration is described further in (Casella USA, n.d.3), (Casella 
USA, 2002). Before ordering this equipment, it would be necessary to receive sufficient 
information concerning the operation of the purging pump. Moreover, it would be 
required to check beforehand the compatibility between the laboratory enclosure and the 
existing test chamber. Finally, it would also be required to check that the dust sensor can 
be operated manually during experiments to activate its logger function.  
 
If the new dust sensor configuration is not compatible with the existing test chamber, it 
would be recommended to search for alternative dust concentration sensors. A first 
benchmark of visibility and aerosol sensors has been performed at PSA for outdoor 
measurements. The next step would be to select one of the pre-listed sensor  that complies 
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with the requirements of the test chamber application. If none of the pre-listed sensor 
matches the defined requirements, then other sensors may be researched on the market. 
 

 
Figure 28: Dust concentration sensor in its laboratory enclosure (Casella USA, n.d.3) 

 
Beside the dust concentration sensor, it is also important to review the configuration of 
the test chamber itself. As mentioned in Section 4.2.1., the main shortcomings in the 
existing test chamber design are the absence of temperature and relative humidity controls, 
the ignorance about the spatial homogeneity of air velocity and dust concentration, the 
lack of accurate dust load control and potentially the degradation of sand properties over 
time. The integration of an evaporator/dehumidifier may solve the issue of temperature 
and humidity control. The centrifugal fan may also be oversized to reduce the amount of 
heat generated in the test chamber. A comprehensive preliminary test campaign, outlined 
in Section 3.3.1, would help to confirm or not the homogeneity of control parameters such 
as wind velocity and dust concentration. Concerning the dust load control, a calibration of 
the dust injection mechanism would be required to know accurately how much dust is 
injected per pulse. Finally, the potential degradation of sand properties would probably 
remain an issue for a closed test chamber design. 
 
According to the test chamber supplier (ControlTecnica), the existing sandstorm chamber 
has been designed to comply with the MIL-STD-810 G. However, the MIL-STD-810 G 
does not provide detailed specifications for a test chamber design, it only provides 
guidelines for test procedures. Based on a literature research, the standard IEC 60068 
(Environmental testing) Part 2-68, Test L (Dust and sand) has been considered relevant for the 
accelerated aging of materials under dust/sand storm conditions (Gebhard, 2011). More 
information is available about the IEC 60068-2-68 (Test L) in Appendix 18. This standard 
is coupled to another IEC standard, namely the IEC 60721 (Classification of environmental 
conditions), Part 2 (Environmental conditions appearing in nature), Section 5 (Dust, sand, salt mist).  
 
In contrast to the MIL-STD-810 G (method 510.5), the IEC 60068-2-68 (Test L) provides 
guidelines for the test chamber design. The test chamber design corresponding to the test 
Lc1 (blown dust and sand, recirculating chamber) is illustrated in Figure 29. This test system 
differs from the existing test chamber design. First, the sample is exposed to a horizontal 
air flow instead of a vertical air flow. Concerning the air circulation loop, the test system 
illustrated in Figure 29 includes both an electric heater to control the air temperature and 
air deflectors in the pre-chamber to prevent turbulent air flow. This test system also 
includes an additional air circuit, consisting of a pressure gauge, a dust filter, an air flow 
meter, a throttle valve and a vacuum pump. The function of this circuit is not clear. It is 
assumed that this circuit is designed to control relative humidity. Finally, the  test system 
includes a dust sink, which is located below the exposure area. This dust sink may enhance 
the dust load control. Overall, this test system seems to correct many of the shortcomings 
of the existing test chamber design. 
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Figure 29: Closed test chamber design, IEC 60068-2-68, Lc1 (Gebhard, 2011) 

b. Option B: Sand blower design 

The second design option is identified as the sand blower design and it is illustrated in 
Figure 30. This design differs significantly from the closed system with air-recirculation 
(Option A), because there is no air re-circulation in this system: the dust is blown once on 
the sample and dust particles are not recycled in a closed loop. The sand blower design has 
been implemented by Bouaoudja et al. (2000) to investigate the effect of sandblasting on 
the efficiency of solar panels. This design is quite similar to the guideline design presented 
in the standard IEC-60068-2-68 (Test Lc2: free blowing dust) (Gebhard, 2011). 
 

 
Figure 30: Illustration of a simple sand blower apparatus (Bouaouadja et al, 2000) 
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The sand blower design consists of a blower (or ventilator), a sand injection mechanism 
(or sand feeder), with an adjustable stopper to control the dust/sand mass rate parameter. 
The sample is positioned at a sufficient distance of the sand blower apparatus and the 
impingment angle can be adjusted. This system does not include any dust concentration 
sensor. Instead, the dust/sand load is controlled by the mass rate mdot (in [g/s]). The dust 
concentration is related to the mass rate mdot via the mass rate formula (Eq. 12, Eq. 16).  
 
This mass rate control is an advantage of the sand blower design, because the mass rate 
measurement is performed with a mechanical device, whereas the dust concentration is 
measured with an optical device, which needs to be calibrated and maintained properly. 
The dust load control is thus expected to be less complex with the sand blower design. 
Moreover, the sand blower design is an open system, which allows for an easier control of 
temperature and relative humidity, as these parameters correspond to ambient conditions.  
 
The disadvantage of the sand blower design is the high consumption of dust/sand, as this 
system is open and there is no dust recuperation mechanism. Nonetheless, dust is replaced 
after each experiment and there is no risk associated with the loss of dust properties over 
time because of single use. Finally, the dust concentration in the ambient is expected to 
raise with the sand blower apparatus: this is a concern for the operator safety and health 
(Section 3.2.2.f) and this would restrict the allowed maximum dust load (Gebhard, 2011). 
 
c. Option C: Wind tunnel designs 

The next design option is identified as the wind tunnel design. The test system illustrated 
in Figure 31 has been designed by Collier (1980) and the wind tunnel has been re-designed 
by Cooper (1985). This system is illustrated further in Appendix 19. It is a variant of the 
sand blower design: this system also includes a dust/sand feeder system and the mass rate 
is controlled instead of the particle concentration. This system includes a dust sink to 
collect blown dust and it is not open to the ambient, which is important for the operator 
health and safety, as mentioned in the previous paragraph. 
 

  
Figure 31: Compact wind tunnel chamber design (Collier,1980),(Cooper, 1985) 

 
Other larger wind tunnel systems have been implemented for the accelerated aging of 
materials, for instance by Wang et al. (2010). The dust/sand feeder system is replaced by a 
dust/sand bed in large wind tunnel systems (length > 10 m). This allows to reproduce 
realistic sand transport mechanisms presente in (Bagnold, 1954) and to investigate both the 
wind velocity and dust/sand load profiles, by positioning several wind velocity sensors and 
sandtraps along a vertical axis at the end of the tunnel. A large wind tunnel system is 
probably the most accurate option to simulate real sandstorms, but this accuracy comes at 
a certain capital cost and the wind tunnel operation and maintenance is time consuming. 
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d. Option D: Sand tricking design 

The last design option is identified as the sand trickling design. A sand trickling tester 
designed by the American company Taber Industries is illustrated in Figure 32. This test 
system is designed to perform tests according according to the standard ASTM D968-05. 
This system consists of a dust/sand container, a funnel, a guide tube, a sample holder 
oriented at 45° and a dust/sand receptacle. Dust/sand is placed in the container, the 
sample is positioned on its holder, the dust/sand drops through the funnel and falls 
vertically in the guide tube before impacting the sample. The sample holder is oriented at 
45° so that the dust/sand drops in the receptacle for re-use.  
 
This is a simple system and the user can easily modify the type of dust. The inconvenient is 
that the operator has little control over the other parameters. The operator may adjust the 
fall height to modify the terminal velocity of dust/sand particles. The mass feed rate can 
not be changed: it is a function of the funnel and tube geometries. The orientation of the 
sample is also not flexible. Finally, the temperature and the relative humidity correspond to 
the ambient conditions. 
 

 
 

Figure 32: Illustration of a sand trickling tester (Taber Industries, n.d.) 

 
A similar system has been designed and improved by the German company Machttechnik 
GmbH, which can perform tests based on DIN 52 348 and ASTM D968-05 (Holze & 
Brucks, 2011). The specifications of both standards are briefly compared in Table 19. The 
company Machttechnik GmbH has developed two test sandstorm simulation systems: 
respectively identified as Sander and Sander DS. The characteristics of these systems are 
briefly compared in Table 20. 
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Table 19: Comparison of DIN 52348 and ASTM D968-05 (Machttechnik, 2011) 

Standard DIN 52348 ASTM D968-05 

Title 
Testing of glass and plastics; 
abrasion test; sand trickling method 

Standard Test Methods for Abrasion 
Resistance of Organic Coatings by 
Falling Abrasive 

Tube diameter 
Nominal diameter DN: 125 mm 
DIN nozzle 

Nominal diameter DN: 19 mm 
Without nozzle/sieve 

Dust sand/type 
Particle size 

Quartz Sand : 0.5 – 0.7 mm 
Method A: Silica sand, 0.5 – 1.2 mm 
Method B: Silicon carbide 

Falling height Maximum : 2.1 m Maximum : 1 m 
 
The Sander system is designed to perform standard tests (DIN 52 348, ASTM D968-05) 
whereas the Sander DS system includes a blower, which enables to set the air velocity up 
to 50 m/s. This last system also includes a climate conditioning unit to control both the 
temperature (up to 60°C) and the relative humidity (10°C). The uniform distribution of 
dust/sand across the tube diameter is acquired by usind fine meshes (Brucks & Holze, 
2010), (Holze & Brucks, 2011). The disadvantage of both systems is the to control the 
dust/sand load (mass rate or concentration). 
 
Table 20: Comparison of Sander and Sander DS systems (Machttechnik, 2011) 

Test system Sander (Machttechnik) Sander DS (Machttechnik) 
Test method Standard methods 

(DIN 52 348, ASTM D968-05) 
Sandstorm Wind Tunnel 
Tailored test method 

Wind speed Up to 7 m/s Up to 50 m/s 
Relative humidity Ambient Below 10% 
Temperature Ambient Up to 60°C 
Size 3m x0.7m x0.7m 3m x1.5m x1.5m 
Power 230V, 50 Hz 400V, 50 Hz 

Note Integrated sensor system 

- compressed air needed for 
climate conditioning 
- sand injection and 
extraction technology 
- integrated sensor system 
- PC based control technology 

 
e. Qualitative comparison of test chamber design options 

The advantages and disadvantages of each test chamber design have been discussed in the 
previous paragraphs. To conclude this section, a comparative summary  is proposed in 
Table 21 for the four design options based on key design criteria. 
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Table 21: Comparison of test chamber designs for sandstorm simulation 

 Option A Option B Option C Option D 
Identification Closed system Sand blower (Large)  wind tunnel Sand trickling tester 

Test standards 
MIL STD 810 G, method 510.5 
IEC 60068-2-68, test Lc1 
Tailored methods 

MIL STD 810 G, method 510.5(*) 
IEC 60068-2-68, test Lc2 
Tailored methods 

N.A. 
DIN 52 348 
ASTM D985-05 
Tailored methods 

Open/Closed system Closed; air -recirculation Open/closed; no air - recirculation Closed; no air - recirculation Open 
Particle path Closed loop Horizontal Horizontal Vertical 
Risk of particle erosion Not negligible Negligible if dust is used once Negligible if dust is used once Negligible if dust is used once 

Dust/sand supply 
Injection activated  
to compensate losses 

Batch / continous; Refill necessary 
Load limited by dust tank volume 

Sand bed 
Continuous; Refill necessary; 
Load limited by dust tank volume 

Dust load control Concentration sensor (optics) Adjustable mass rate Influence by wind velocity 
Mass rate influenced by  
funnel and tube geometries 

Wind velocity control Blower Blower Blower 
Free fall 
Blower (only with Sander DS) 

Temperature control Requires climate conditioning Ambient Ambient Ambient /Climate conditioning 
Humidity control Requires climate conditioning Ambient Ambient Ambient /Climate conditioning 

Change of dust/sand 
Need to clean the closed loop,  
empty and recharge the dust tank 

Clean and recharge the dust tank 
Need to clean ground surface 
and change sand bed 

Clean and recharge the dust tank 

Particle impingment  
angle on sample 

90° (default) 
Adjustable with support structure  

90° (default) 
Adjustable with support structure  

90° (default) 
Adjustable with support structure 

45° (default) 

Visual sample 
degradation check 

Requires a window Direct (open) /through window N.A. Direct (open) /through window 

Health and safety Wear protective mask and glasses 
Wear protective mask and glasses 
Limit dust load if open system 

N.A. 
Wear protective mask and glasses 
Dust load constrained in guide tube 

 
(*) The dust concentration can be derived from the mass rate formula (Eq. 12, Eq. 16) 
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5 Conclusion 
5.1 Summary 
The aim of this research project was to study the accelerated aging of thick glass second 
surface silvered mirrors under simulated sandstorm conditions. This study focused on the 
degradation of mirror optical properties such as specular and hemispherical solar weighted 
reflectances, caused by dust/sand abrasion. The initial objective was to develop a multi-
parametric degradation model relating the loss of specular reflectance to the following 
parameters: dust concentration, wind velocity and time of exposure. 
 
The physics and the characteristics of dust/sand storms were discussed in the literature 
review. A dust/sand storm is characterized by the transportation of dust/sand particles by 
wind. A distinction was made between dust and sand grains based on particle size and the 
mineral composition of dust and sand was also briefly discussed. Bagnold (1954) identified 
three transportation modes for dust and sand: creeping, saltation and suspension. Saltation 
was identified as the main transportation mode for sand grains. Saltation was observed to 
occur below a height of 1 m (Thornton, 1992). Dust particles were observed to travel in 
suspension at high altitudes and over long distances.  
 
According to the literature review, the intensity of sandstorms could be described with two 
main characteristics: wind velocity and visibility. The threshold wind velocity is estimated 
to 5-6 m/s for dust/sand transportation (Bagnold, 1954). A dust/sand storm event is 
defined by meteorological services as a storm where the visibility is reduced to less than 1 
km. Visibility was correlated to dust concentration (Chepil & Woodruff, 1957a), (Patterson 
& Gillette, 1977), but no universal correlation could be derived. Beside dust/sand storm 
intensity characteristics, temporal characteristics (frequency, duration), were also analyzed 
over long periods in different regions of the world. 
 
The results of previous scientific studies on the degradation of solar mirrors under 
simulated sandstorm conditions indicated that (a) the loss of specular reflectance was 
related to the momentum and kinetic energy of dust/sand particles (Collier, 1980; Eq. 8) 
and (b) the specular reflectance decreased exponentially over exposure time (Cooper, 1985; 
Eq. 9). Wang et al. (2010) investigated the abrasion of glass materials under sandstorm 
conditions and observed an exponential growth of the abraded area over exposure time. 
 
In the methodology chapter (Section 3), the framework for service lifetime prediction was 
introduced and the the MIL-STD-810 G (method 510.5) specifications were presented. 
The prototype sandstorm chamber was then described. Measurement and test procedures 
were covered and the experimental design was discussed. Three control parameters were 
defined for the simulation of sandstorms: dust concentration, wind velocity and time of 
exposure. The temperature and the relative humidity were not measured. Arizona coarse 
dust was used as abrasion material. The dust mass flux impinged mirror samples at a 
perpendicular angle. Mirror samples were exposed in the sandstorm chamber for a total 
duration of 60 minutes and the duration of individual exposure cycles was set to 4 minutes. 
 
The test campaign initially consisted of two stages: a preliminary test campaign and an 
accelerated aging test campaign. The preliminary test campaign was designed to learn how 
to use the prototype sandstorm chamber.The accelerated aging test campaign was designed 
to derive a multi-parametric model, as illustrated in Figure 16. Due to time constraints, the 
preliminary test campaign was shortened. The accelerated aging test campaign was aborted 
after a few rounds of experiments because a contamination of the dust concentration 
sensor was detected. The amount of experimental data was consequently limited and no 
robust multi-parametric degradation model could be derived in this research project. 
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The loss of specular reflectance was fitted with a linear and an exponential models (Eq. 17, 
Eq. 18). Two regression coefficients were estimated for both models: (a) a coefficient 
corresponding to the initial specular reflectance before exposure and (b) a coefficient 
corresponding to a degradation rate. The exponential model generally exhibited a better fit 
than the linear model. However, the difference between both regression models could not 
be considered to be statistically significant because of a limited dataset. The accuracy of 
specular reflectance measurements was observed to decrease over exposure time. It also 
decreased with higher dust loads (in terms of particle kinetic energy), because of non 
homogeneous surface degradtion. The repeatability of the experiments was assessed only 
with two replicates. The control of the sandstorm simulation process would have to be 
improved in order to increase both the accuracy and repeatability of experimental results. 
 
The sandstorm chamber design was analyzed after the abortion of the accelerated aging 
test campaign. The prototype test chamber was supposed to be designed to perform 
environmental tests according to MIL-STD-810 G (method 510.5). However, several 
shortcomings were identified. The dust concentration sensor could not be calibrated and 
maintained properly. Additional accessories would be required to improve the reliability of 
the dust concentration sensor. Additionally, the stability of both temperature and relative 
humidity could not be guaranteed for the existing sandstorm chamber design. This design 
would need to be upgraded to perform further accelerated aging test campaigns. 
 

5.2 Discussion 
As discussed in Section 3.1.1, the aim of a durability assessment is to predict the service 
lifetime of a material, component or system. Service lifetime prediction (SLP) is based on 
the correlation of experimental results obtained from accelerated exposure testing (AET) 
and outdoor exposure testing (OET). This correlation can be described by an acceleration 
factor FACC (Eq. 11). The underlying assumption is that accelerated aging tests reproduce 
degradation mechanisms occuring in outdoor conditions.  
 
This research project only focused on AET. There is currently no OET data to establish a 
SLP correlation and there is yet no tangible proof that simulated sandstorm conditions 
reproduce degradation mechanisms induced by real sandstorms. Thus it not possible to 
define an acceleration factor as of today. The exposure time in AET conditions (1 hour) 
can not be related with OET conditions. The reader can however notice in Section 4 that 
the degradation of mirror samples under AET conditions can not be neglected. While the 
wind velocity levels tested during the AET campaign correspond to realistic wind velocity 
values, there is little knowledge available about realistic dust concentration values. The dust 
concentration levels tested during the AET campaign (from 100 to 1000 mg/m3) are 
expected to be several order of magnitude higher than real dust concentration values. This 
would have to be confirmed with field data, which should be gathered in various locations 
over a long period of time to take into account the temporal characteristics of sandstorms 
(duration and frequency of sandstorms classified by intensity). 
 
If the AET data corresponds to several years in outdoor conditions, then sand storms 
potentially  have a significant impact on solar thermal power plants. This risk should not 
be underestimated, especially in Northern Africa and Middle East where severe 
sandstorms are likely to occur frequently. Protection strategies should thus be considered 
to mitigate this environmental risk. The first strategy would be to localize regions where 
dust and sand storms are more likely to occur. In fact, the detection of dust storms is 
already performed with satellite imaging techniques measuring aerosol concentrations in 
the atmosphere (Huang, Ge & Weng, 2007). Frequent dust storms are likely to decrease 
the DNI level (Sateesh & Moorthy, 2005), which is one of the key criterion for the siting 
of STPP (Section 2.1.4). The second strategy would consist in protecting the solar field 
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from sand storms. Two options are here foreseen, based on sandstorm physics. As the 
largest and most abrasive particles are transported in saltation at an height below 1 m 
(Thornton, 1992), the first option would be to install a protective fence about this height 
around the solar field to “filter” these particles. The second option would be to increase 
the minimum height of reflectors in solar collector assemblies. This second option may not 
be as relevant as the first option, but this depend on the solar field configuration. On the 
one hand, SCA switch to a stow position in case of wind storms to reduce the wind load 
and the reflectors are then protected from dust/sand to a certain extent. On the other 
hand, if the SCA structure is raised further above the ground, higher wind loads would be 
expected on the SCA structure. The third and last option that could be considered here is 
to improve the resistance of reflector materials so they are able to resist under sandstorm 
conditions. One could think of abrasion resistant materials, self-healing materials, or  self-
cleaning coatings. It is however important to remember that the solar field cost represents 
a significant amount of the STPP capital cost. The current trend is to develop low cost, 
lightweight reflector materials with good optical properties and high durability. 
 

5.3 Outlook 
The risk of surface abrasion caused by sandstorms is potentially high for all kind of solar 
reflectors. This research project is one of the first carried out on this topic at PSA. The 
awareness of this environmental risk is rising in the CSP industry and there is a need for an 
ambitious research program focusing on the effect of sandstorms on CSP reflectors. A 
comprehensive durability assessment should combine two parts, as discussed in Section 
3.1: AET on the one hand and OET on the other hand. 
 
In the field of AET, there is a need to re-design the existing sandstorm chamber to correct 
its anomalies. This task should be carried by its manufacturer. Once the test chamber is 
upgraded, the operator should carry out a comprehensive preliminary test campaign to 
qualify the test chamber and ensure repeatable experiments. Once the test equipment is 
considered reliable, one could carry out accelerated aging tests to develop multi-parametric 
degradation models for different reflector materials. The degradation rate could be used as 
a single model parameter and it could be correlated to the wind velocity and the dust 
concentration. One could also assess the impact of additional parameters such as sample 
inclination and dust composition. 
 
In parallel of AET, a OET campaign should be designed and carried out. The aims of 
outdoor testing are manifold. First, it would be important to gain more knowledge on 
sandstorm events in regions where CSP systems are expected to be installed. The intensity, 
frequency and duration of sandstorms should be recorded over at least one year. Dust load 
profiles should be investigated to learn more about the distribution of dust concentration 
in function of height above ground level. It would also be relevant to collect dust samples 
from different regions to compare their respective abrasive power. Beside the detailed 
recording of sandstorm event characteristics, it would also be necessary to expose different 
reflector materials in order to compare outdoor degradation with accelerated degradation. 
 
Finally, the next step would be to derive a SLP correlation and define an acceleration 
factor for different materials based on AET and OET data. Finally, a standard sandstorm 
test could be tailored for CSP components. In this test standard the number of test levels 
for wind velocity and dust concentration could be reduced. For instance one could define 
a single test value for wind velocity and dust concentration in order to perform only one 
accelerated aging test. The degradation of materials under variable sandstorm conditions 
would then be derived both from the multi-parametric model and the SLP correlation. 
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Appendix 1: Short list of operational concentrating solar power plants (NREL, 2010) 

CSP(*) plant Country Technology 
Turbine size 

(MWe) 
Field area 
(m2) 

Start year 

SEGS I(**) U.S.A PTC(***) 14 82,960 1985 
SEGS II U.S.A PTC 30 190,338 1986 
SEGS III U.S.A PTC 30 230,300 1987 
SEGS IV U.S.A PTC 30 230,300 1987 
SEGS V U.S.A PTC 30 250,500 1988 
SEGS VI U.S.A PTC 30 188,000 1989 
SEGS VII U.S.A PTC 30 194,280 1989 
SEGS VIII U.S.A PTC 80 464,340 1990 
SEGS IX U.S.A PTC 80 483,960 1991 
Nevada Solar One U.S.A PTC 75 357,200 2007 
Planta Solar 10 (PS 10) Spain Tower 11 75,000 2007 
Andasol – 1 (AS-1) Spain PTC 50 510,120 2008 
Kimberlina U.S.A Fresnel 5 26,000 2008 
Andasol – 2 (AS-2) Spain PTC 50 510,120 2009 
Planta Solar 20 (PS 20) Spain Tower 20 150,000 2009 
Sierra Sun Tower U.S.A Tower 5 27,670 2009 
Solnova  1 Spain PTC 50 300,000  2009 
Solnova  3 Spain PTC 50 300,000  2009 
Solnova  4 Spain PTC 50 300,000 2009 
Archimede Italy PTC 5 31,860 2010 
Extresol – 1 (EX-1) Spain PTC 50 510,120 2010 
Extresol – 2 (EX-2) Spain PTC 50 510,120 2010 
ISCC Morocco Morocco PTC 470 180,000 2011 
ISCC(****) Argelia Algeria PTC 25 183,860 2011 
Manchasol-1 Spain PTC 50 510,120 2011 

 
Legend: 
(*) CSP: Concentrating Solar Power 
(**) SEGS : Solar Electricity Generation System 
(***) PTC: Parabolic Trough Collector 
(****) ISCC: Integrated Solar Combined Cycle 
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Appendix 2: Comparison of standard solar spectra (global and direct solar irradiance) 

Comparison of standard solar spectra (Global solar irradiance, AM = 1.5)
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Comparison of standard solar spectra (Direct solar irradiance, AM = 1.5)

0.000

0.002

0.004

0.006

0.008

0.010

250 500 750 1000 1250 1500 1750 2000 2250 2500

wavelength [nm]

F
ra

ct
io

n 
of

 d
ire

ct
 s

ol
ar

 ir
ra

di
an

ce
 [%

]

ASTM E 891 ASTM G173-03, direct
 

 
Note: The solar spectrum ASTM G173-03 (direct) is selected in this project for all solar 
weighting operations. This spectrum is derived from the Simple Model of the Atmospheric 
Radiative Transfer of Sunshine (SMARTS). 
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Appendix 3: Wentworth grade scale (Wentworth, 1922), (U.S Geological Survey, 2007) 
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Appendix 4: Beaufort wind force scale (British Meteorological Office, 2011) 

Beaufort wind scale 
Mean  
wind speed  

Limits of 
wind speed Wind  

descriptive terms  
Seastate 

Sea  
descriptive terms 

Knots m/s Knots m/s 

0 0 0 <1 <1 Calm 0 Calm (glassy) 

1 2 1 1–3 1-2 Light air  1 Calm (rippled) 

2 5 3 4–6 2-3 Light breeze  2 Smooth (wavelets) 

3 9 5 7–10 4-5 Gentle breeze  3 Slight 

4 13 7 11–16 6-8 Moderate breeze  3–4 Slight–Moderate 

5 19 10 17–21 9-11 Fresh breeze  4 Moderate 

6 24 12 22–27 11-14 Strong breeze  5 Rough 

7 30 15 28–33 14-17 Near gale  5–6 Rough–Very rough 

8 37 19 34–40 17-21 Gale 6–7 Very rough–high 

9 44 23 41–47 21-24 Severe gale  7 High 

10 52 27 48–55 25-28 Storm 8 Very high 

11 60 31 56–63 29-32 Violent storm 8 Very high 

12 - - 64+ 33+ Hurricane 9 Phenomenal 
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Appendix 5: Functional analysis of solar reflectors (in service conditions) 

 

Reflector

Solar
radiation

Support 
structure

Environment

Cleaning 
agents

Absorber

SF1

CF1CF2

CF3

CF4

Operator

CF5

SF2

 
 

 
Legend: 
SF: Service function 
CF: Constraint function 
 
Service functions: 

• SF1: The reflector concentrates solar radiation onto the absorber. 
• SF2: The operator cleans the reflector with cleaning agents. 

 
Constraint functions : 

• CF1: The reflector must resist to the environment. 
• CF2: The reflector fits to the support structure. 
• CF3: The reflector resists to cleaning agents. 
• CF4: The reflector resists to solar radiation. 
• CF5: The reflector can be replaced by the operator. 
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Appendix 6: Risk assessment of potential failure modes (Carlsson et al., 2007, p.22) 

The risk probability number (RPN) of a failure mode is defined in (Eq.10). 
 

RPN= S.PO.PD Eq. 10 
 
where: 

• S corresponds to the severity of the failure mode 
• PO corresponds to its probability of occurrence 
• PD corresponds to its probability of detection. 

 
Appendix 6-a. Severity S, rating table 

Severity Rating number 
No effect on product 1 
Minor effect on product but  
no effect on product function 

2-3 

Risk of failure in product function 4-6 
Certain failure in product function 7-9 
Failure which may affect personal safety 10 

 
Appendix 6-b. Probability of occurrence PO, rating table 

Probability of occurence Rating number 
Unlikely that failure will occur 1 
Very low probability for failure to occur 2-3 
Low probability for failure to occur 4-5 
Moderate probability for failure to occur 6-7 
High probability for failure to occur 8-9 
Very high probability for failure to occur 10 

 
Appendix 6-c. Probability of detection PD, table 

Probability of detection Rating number 
Failure which is always noted. 
Probability for detection > 99.99 % 

1 

Normal probability of detection > 99.7 % 2-4 
Certain probability of detection > 95% 5-7 
Low probability of detection > 90% 8-9 
Failures will not be found – cannot be tested 10 
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Appendix 7: Number of days per year with dust storms (visibility < 1 km) 

Location Days per year 
Abadan, Iran 13 
New Delhi, India 8 
Ganganagar, India 17 
Paoting, China 19 
Kantse, China 35 
Hami, China 33 
Tarim Basin, China 100 to 174 
Baghdad, Iraq 21 
Basra, Iraq 15 
Shaibah, Iraq 38 
Diwaniyah, Iraq 36 
Aqaba, Jordan 11 
Niguru, Nigeria 26 
Mexico City, Mexico 68 
Kazakhstan, former USSR 60 
Repetek, former USSR 60 
Beersheva, Isralel 27 
Kuwait Airport, Kuwait 27 
Abu Khamal, Syria 10 
Mersa Matruh, Egypt 10 
Riyadh, Saudi Arabia 13 
Dharan, Saudi Arabia 11 
Khartoum, Sudan 24 

 
Excerpt from MIL-STD-810G, Part III: World climatic regions – Guidance, p.786 
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Appendix 8: Characteristics of Flabeg parabolic mirrors (Flabeg, 2011) 
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Appendix 9: Elektror blower RD74 F, technical specifications (Elektror GmbH, 2011) 

 
Appendix 9-a: RD 74 F: dimensional drawings 

 
 
Appendix 9-b: RD 74 F (50 Hz): specifications 
 

Type Efficiency 
Volumetric 
Flow rate 

Total pressure 
difference 

Frequency 

 m3/min Pa Hz 
RD 74 F IE2 61.0 3800 50 

Voltage 
Current 

consumption 
RPM 

Number of 
revolutions 

Weight 

V A kW min-1 kg 
400 ∆ 10.5 5.5 2940 87 

 
Appendix 9-c: RD 74 F (50 Hz): characteristic curves 
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Appendix 10: Environmental test chamber, operating temperature curves 

 

 
 
Legend: 

Curve index Blower RPM [%] Wind velocity [m/s] 
a 80 26 
b 70 24.5 
c 60 20 
d 50 17 
e 40 13 

 
This information has been provided per e-mail by the supplier of the sandstorm chamber 
(ControlTecnica) after this chamber was installed. The recommendation was to maintain 
the temperature below 45°C in order to preserve the dust concentration sensor. 
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Appendix 11: Casella Microdust Pro, technical specifications (Casella USA, 2011a) 

 
TECHNICAL INFO 
Sensing Technique:  Near forward light scattering - 880nm infra red 
Ranges:  All instruments provide 0 to 2500 mg/m-3 over four ranges as standard 
Resolution:  0.001 mg/m-3 (1µg/m-3) 
Operating Temp Range:  32 to 122 °F (0 to 50°C) non condensing 
Storage Temp Range:  4 to 131 °F (-20°C to +55°C) 
Calibration:  Gravimetric method using ‘Arizona Fine’ calibration dust (ISO12103-1, A2) 
Zero Stability:  ±0.002 mgm-3/ °C 
Span Stability:  <0.7% FSD / °C 
POWER 
Battery:  4 x AA / MN1500 cells - Alkaline or rechargeable NiCad 

Operating Duration:  
Alkaline (2700mAh) typically >20 hours 
NiCad cells (950mAh) typically >10 hours 

Battery Charging:  Internal NiCad fast charger circuitry (with time-out protection) 
Charge Rate:  Fast charge rate 450mA, Standby charge rate 55mA 
Power Adapter:  Universal input voltage range 100-240VAC, 47-63Hz 
Output:  12VDC @ 800 mA 
GENERAL 
Analogue Output:  0 to 2.5 VDC FSD, 500Ω output impedance (3ms update rate) 
Keypad:  7 key tactile membrane 
Weight:  Instrument only = 34.6 oz (0.97 Kg) (complete kit plus case = 10lb - 4.5Kg) 

Dimensions: 
Probe = 1.4 Ø x 11.6 in (35mm Ø x 290mm) total length 
Instrument H x W x D = 9.8 x 3.8 x 2.0 in (245 x 95 x 50mm) 

Maintenance:  Factory cleaning required annually depending on measurement conditions 
DISPLAY 
Display:  128 x 64 pixel LCD graphics panel with backlight 
Displayed Values:  
Instantaneous reading: 
Other readings: 

Rolling average concentration over a user selectable period (1 to 60 sec) 
AVE & MAX concentration since power on or reset 

Scrolling Graphs:  100 / 200 seconds, 15 minutes or 60 minutes (Y Axis auto-ranging or fixed) 
Battery voltage:  Battery Voltage with ‘OK’ / ‘Low’ status message. 
CALIBRATION 
Factory Calibration:  Traceable isokinetic technique (wind tunnel) and ISO 12103-1 
User Calibration:  Four user defined calibration settings available stored for later use. 

Routine Calibration:  
Firmware calibration for zero & span setting in the field by user. 
Optical calibration filter supplied (restores factory calibration) 

DATA LOGGING 
Internal Memory:  64K EEPROM providing 15,700 data points 
Logging Interval:  Adjustable from 1 to 600 seconds. 
Recorded Values:  Average, spot, max & min concentration over logging period 
Serial Interface:  RS232 up to 38.4K baud 
Ordering Information  
176000A 
176093A 
103214B 
103187B 
103182B 
151280B 
103396B 

Microdust pro kit in carrying case with standard accessories 
Environmental enclosure with pump, adaptor and rechargeable battery pack 
Gravimetric dust adaptor 
Aspirated adaptor 
Respirable dust adaptor 
Size selective adaptor 
Iso-kinetic adaptor (for use with stack sampler) 
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Appendix 12: Arizona test dust specifications (Staubtechnik, n.d.) 
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Appendix 13: Preliminary test campaign – results of degradation test replicates 

Sample SS-PT-002, RPM: 33 % (9.7 m/s +/- 0.3); Date: 07/07/2011; without injection 
 

Time of 
exposure (*) 

Concentration 
[mg/m3] (**) 

ρspec 1  
(***) 

ρspec 2  
(***) 

ρspec 3  
(***) 

ρspec 
(average) 

0 min  95.1 95.0 95.1 95.07 
3 min 676 93.9 94.0 94.1 94.00 
6 min 590 93.9 93.5 93.7 93.70 
9 min 626 93.5 92.7 93.0 93.07 
12 min 673 91.4 91.6 92.6 91.87 
15 min 616 92.9 92.7 91.8 92.47 
18 min 554 91.5 90.8 91.4 91.23 
21 min 752 91.2 90.7 92.3 91.40 
24 min 669 90.0 89.9 91.4 90.43 
27 min 643 90.3 90.2 91.2 90.57 
30 min 616 90.0 91.7 91.4 91.03 
35 min 674 88.8 89.3 91.3 89.80 
40 min 720 88.7 89.1 90.2 89.33 
45 min 625 87.4 86.5 89.3 87.73 
50 min 655 87.1 87.1 89.1 87.77 
55 min 638 87.9 88.5 89.0 88.47 
60 min 669 86.3 86.8 87.2 86.77 

 
Mean average dust concentration: 650 mg/m3; Standard deviation: 48 mg/m3. 
 
Sample SS-PT-003, RPM: 33 % (9.8 m/s +/- 0.3); Date: 08/07/2011; without injection 
 
Time of 
exposure 

(*) 

Concentration 
[mg/m3] (**) 

ρspec 1 
(***) 

ρspec 2 
(***) 

ρspec 3 
(***) 

ρspec 4 
(***) 

ρspec 5 
(***) 

ρspec 
(average) 

0 min  95.1 95.3 95.4 95.4 95.1 95.26 
4 min 630 94.8 94.8 94.4 94.5 94.7 94.64 
8 min 622 94.3 94.1 94.6 94.8 94.4 94.44 
12 min 714 92.2 91.8 92.0 92.4 92.2 92.12 
16 min 653 91.3 90.8 91.5 91.7 91.4 91.34 
20 min 628 91.3 91.1 90.4 90.6 91.2 90.92 
24 min 615 90.2 90.7 90.1 89.5 90.9 90.28 
28 min 717 90.4 89.1 88.8 90.8 90.5 89.92 
32 min 627 88.8 89.9 89.6 88.0 88.5 88.96 
36 min 760 88.0 88.2 86.9 87.0 87.5 87.52 
40 min 612 85.7 84.5 87.6 87.4 85.9 86.22 
45 min 751 87.1 87.5 84.4 85.0 86.5 86.10 
50 min 643 85.3 84.2 84.3 86.9 87.3 85.60 
55 min 619 85.9 86.2 84.8 84.6 84.7 85.24 
60 min 665 86.0 83.7 85.2 85.1 85.9 85.18 

 
Mean average dust concentration: 661 mg/m3; Standard deviation: 52 mg/m3. 
 
Legend: 
(*): Cumulated exposure time (in minutes) 
(**): Average concentration reading (in mg/m3) 
(***): Specular reflectance measurements (in %) 
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Appendix 14: Accelerated aging – specular reflectance: experimental results (numerical) 

 
Sample SS-PT-01, RPM: 23 % (6.1 m/s +/- 0.3); Date: 11/07/2011; without injection 
 

Time of 
exposure 

Concentration 
[mg/m3] 

ρspec 1 ρspec 2 ρspec 3 ρspec 4 ρspec 5 
ρspec 

(average) 
ρspec 

(stddev) 
0 min  95.3 95.4 95.3 95.4 95.4 95.36 0.055 
4 min 349 95.2 95.3 95.3 95.2 95.2 95.24 0.055 
8 min 346 95.1 95.2 95.2 95.1 95.1 95.14 0.055 
12 min 378 94.9 95.2 95.1 94.9 94.9 95.00 0.141 
16 min 336 95.0 95.0 95.1 94.8 94.8 94.94 0.134 
20 min 343 94.7 95.0 94.9 94.8 94.7 94.82 0.130 
24 min 476 94.7 94.9 94.9 94.6 94.7 94.76 0.134 
28 min 453 94.5 94.9 94.8 94.5 94.8 94.70 0.187 
32 min 389 94.5 94.9 94.7 94.3 94.5 94.58 0.228 
36 min 373 94.2 94.8 94.6 94.5 94.2 94.46 0.261 
40 min 380 94.0 94.6 94.4 94.0 94.5 94.30 0.283 
44 min 379 94.1 94.4 94.4 94.0 94.4 94.26 0.195 
48 min 395 94.0 94.5 94.3 93.8 94.1 94.14 0.270 
52 min 378 94.0 94.4 94.2 93.8 93.8 94.04 0.261 
56 min 370 93.9 94.4 93.9 94.2 93.8 94.04 0.251 
60 min 379 94.0 93.8 94.0 94.5 93.9 94.04 0.270 
65 min 388 93.7 94.2 93.6 93.6 93.7 93.76 0.251 
70 min 445 93.6 94.2 93.7 94.2 93.6 93.86 0.313 
75 min 385 93.6 94.2 94.1 93.6 93.6 93.82 0.303 
80 min 393 93.6 94.3 93.9 93.4 93.4 93.72 0.383 
85 min 357 93.3 94.1 93.5 93.1 93.3 93.46 0.385 
90 min 369 93.3 94.1 93.8 93.3 93.4 93.58 0.356 

 
Mean average dust concentration: 384 mg/m3; Standard deviation: 36 mg/m3. 
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Sample SS-PT-02, RPM: 23 % (6.2 m/s +/- 0.3); Date: 12/07/2011; without injection 
 

Time of 
exposure 

Concentration 
[mg/m3] 

ρspec 1 ρspec 2 ρspec 3 ρspec 4 ρspec 5 
ρspec 

(average) 
ρspec 

(stddev) 
0 min  94.7 94.7 94.7 94.7 94.8 94.72 0.045 
4 min 389 94.7 94.6 94.6 94.6 94.6 94.62 0.045 
8 min 370 94.6 94.5 94.6 94.5 94.6 94.56 0.055 
12 min 361 94.5 94.5 94.5 94.3 94.5 94.46 0.089 
16 min 402 94.5 94.5 94.5 94.4 94.5 94.48 0.045 
20 min 369 94.3 94.5 94.2 94.2 94.3 94.30 0.122 
24 min 390 94.4 94.4 94.4 94.2 94.3 94.34 0.089 
28 min 356 94.3 94.4 94.3 94.1 94.4 94.30 0.122 
32 min 405 94.3 94.4 94.3 94.1 94.1 94.24 0.134 
36 min 364 94.3 94.3 94.3 94.1 94.2 94.24 0.089 
40 min 372 94.3 94.1 94.1 94.0 94.2 94.14 0.114 
44 min 375 94.2 94.0 94.3 93.9 94.1 94.10 0.158 
48 min 377 93.9 93.8 94.1 93.7 94.0 93.90 0.158 
52 min 386 94.1 94.2 94.1 93.9 94.0 94.06 0.114 
56 min 387 94.2 94.2 94.2 93.8 94.3 94.14 0.195 
60 min 412 94.0 94.1 93.9 93.6 94.0 93.92 0.192 
65 min 388 94.0 94.1 94.1 93.8 94.1 94.02 0.130 
70 min 494 93.8 94.1 93.8 93.7 94.0 93.88 0.164 
75 min 370 93.9 94.0 93.8 93.4 93.8 93.78 0.228 
80 min 308 93.9 94.0 93.9 93.6 93.8 93.84 0.152 
85 min 388 93.8 94.0 93.9 93.5 93.9 93.82 0.192 
90 min 379 93.8 94.0 93.9 93.5 94.0 93.84 0.207 

 
Mean average dust concentration: 383 mg/m3; Standard deviation: 33 mg/m3. 
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Sample SS-PT-03, RPM: 40 % (12.1 m/s +/- 0.3); Date: 13/07/2011; without injection 
 

Time of 
exposure 

Concentration 
[mg/m3] 

ρspec 1 ρspec 2 ρspec 3 ρspec 4 ρspec 5 
ρspec 

(average) 
ρspec 

(stddev) 
0 min  94.5 94.6 94.5 94.5 94.5 94.52 0.045 
4 min 906 91.6 92.7 92.7 91.7 92.6 92.26 0.559 
8 min 880 90.3 91.3 91.4 89.8 90.1 90.58 0.726 
12 min 894 88.1 89.5 89.6 87.9 90.1 89.04 0.979 
16 min 909 87.0 88.9 88.4 86.8 88.1 87.84 0.907 
20 min 895 86.2 87.6 87.6 86.0 87.7 87.02 0.844 
24 min 892 84.6 86.9 85.8 85.4 85.9 85.72 0.835 
28 min 891 83.9 86.7 85.6 83.5 86.4 85.22 1.452 
32 min 894 82.7 85.6 84.3 82.3 83.9 83.76 1.318 
36 min 881 82.0 84.3 83.0 81.5 83.1 82.78 1.085 
40 min 873 80.9 84.0 84.0 80.9 80.2 82.00 1.848 
44 min 887 80.5 83.6 82.6 79.2 82.9 81.76 1.839 
48 min 906 79.6 82.7 81.9 79.2 82.4 81.16 1.638 
52 min 851 79.7 82.9 81.5 77.9 82.0 80.80 1.997 
56 min 891 77.5 81.2 80.5 76.9 80.3 79.28 1.940 
60 min 905 77.2 81.0 79.9 77.2 79.2 78.90 1.679 

 
Mean average dust concentration: 890 mg/m3; Standard deviation: 15 mg/m3. 
 
Sample SS-PT-04, RPM: 40 % (12.0 m/s +/- 0.3); Date: 14/07/2011; without injection 
 

Time of 
exposure 

Concentration 
[mg/m3] 

ρspec 1 ρspec 2 ρspec 3 ρspec 4 ρspec 5 
ρspec 

(average) 
ρspec 

(stddev) 
0 min  94.5 94.3 94.4 94.4 94.3 94.38 0.084 
4 min 884 93.3 93.6 93.3 93.1 93.6 93.38 0.217 
8 min 905 92.0 92.7 92.4 91.3 92.6 92.20 0.570 
12 min 971 91.0 91.9 91.5 90.5 91.8 91.34 0.586 
16 min 841 89.8 91.0 90.4 88.8 89.4 89.88 0.856 
20 min 897 88.6 90.2 89.6 88.0 89.3 89.14 0.859 
24 min 862 87.6 89.0 88.8 86.7 88.8 88.18 0.996 
28 min 882 86.8 88.5 88.1 85.9 87.8 87.42 1.057 
32 min 879 86.0 87.9 87.2 85.1 87.3 86.70 1.129 
36 min 936 85.7 86.5 85.0 83.9 85.4 85.30 0.957 
40 min 833 84.6 87.2 86.4 83.3 83.6 85.02 1.718 
44 min 888 84.6 86.8 86.0 83.4 84.5 85.06 1.341 
48 min 1051 83.0 85.6 85.1 81.5 83.1 83.66 1.677 
52 min 1041 82.8 85.2 84.0 80.7 82.5 83.04 1.689 
56 min 879 82.2 85.1 82.8 81.2 80.0 82.26 1.910 
60 min 914 82.3 85.5 83.6 79.8 80.9 82.42 2.240 

 
Mean average dust concentration: 911 mg/m3; Standard deviation: 65 mg/m3. 
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Sample SS-PT-05, RPM: 40 % (12.2 m/s +/- 0.3); Date: 15/07/2011; without injection 
 

Time of 
exposure 

Concentration 
[mg/m3] 

ρspec 1 ρspec 2 ρspec 3 ρspec 4 ρspec 5 
ρspec 

(average) 
ρspec 

(stddev) 
0 min  94.5 94.5 94.5 94.3 94.5 94.46 0.089 
4 min 408 93.7 93.9 93.7 93.4 93.9 93.72 0.205 
8 min 403 92.9 93.4 93.2 92.7 93.3 93.10 0.292 
12 min 413 92.4 92.9 92.8 92.2 92.3 92.52 0.311 
16 min 407 91.7 92.6 92.3 91.4 91.7 91.94 0.493 
20 min 384 91.3 92.1 91.8 90.5 91.4 91.42 0.606 
24 min 421 90.7 91.5 90.6 89.7 91.4 90.78 0.726 
28 min 387 90.0 91.2 90.8 89.7 91.0 90.54 0.654 
32 min 380 89.7 91.0 90.1 88.8 90.8 90.08 0.887 
36 min 429 89.4 90.7 90.2 88.3 90.6 89.84 1.001 
40 min 391 88.8 90.3 89.6 87.5 89.8 89.20 1.093 
44 min 448 88.4 90.4 89.7 87.8 87.9 88.84 1.155 
48 min 391 88.7 90.3 89.5 87.8 88.0 88.86 1.045 
52 min 362 88.3 89.9 89.6 86.9 87.3 88.40 1.338 
56 min 383 88.0 89.5 88.7 86.3 87.0 87.90 1.283 
60 min 405 87.1 89.0 87.8 85.8 86.2 87.18 1.281 

 
Average dust concentration: 401 mg/m3; Standard deviation: 22 mg/m3. 
 
Sample SS-PT-06, RPM:40 % (12.1 m/s +/- 0.2); Date: 18/07/2011; without injection 
 

Time of 
exposure 

Concentration 
[mg/m3] 

ρspec 1 ρspec 2 ρspec 3 ρspec 4 ρspec 5 
ρspec 

(average) 
ρspec 

(stddev) 
0 min  94.6 94.7 94.7 94.6 94.6 94.64 0.055 
4 min 400 93.7 94.0 93.9 93.6 93.9 93.82 0.164 
8 min 378 93.5 94.0 93.8 93.6 93.8 93.74 0.195 
12 min 402 92.8 93.2 93.0 92.4 93.1 92.90 0.316 
16 min 394 92.2 92.7 92.5 91.9 92.8 92.42 0.370 
20 min 393 91.8 92.6 92.0 90.9 92.2 91.90 0.632 
24 min 413 91.1 92.1 91.7 90.6 92.0 91.50 0.636 
28 min 408 91.1 92.1 91.4 90.4 90.9 91.18 0.630 
32 min 389 90.8 91.8 91.1 90.0 90.3 90.80 0.704 
36 min 386 90.7 91.6 91.1 89.8 90.1 90.66 0.730 
40 min 379 90.1 91.3 90.4 89.2 90.6 90.32 0.766 
44 min 414 89.8 90.8 90.5 88.9 89.2 89.84 0.814 
48 min 415 89.2 90.3 89.9 87.6 88.8 89.16 1.050 
52 min 380 89.3 90.8 90.3 88.7 89.0 89.62 0.893 
56 min 382 89.5 91.1 90.5 89.1 89.5 89.94 0.829 
60 min 456 89.0 89.9 89.7 88.4 88.8 89.16 0.627 

 
Mean average dust concentration: 399 mg/m3; Standard deviation: 20 mg/m3. 
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Sample SS-PT-07, RPM: 23. % (6.0 m/s +/- 0.2); Date: 19/07/2011; with injection 
 

Time of 
exposure 

Concentration 
[mg/m3] 

ρspec 1 ρspec 2 ρspec 3 ρspec 4 ρspec 5 
ρspec 

(average) 
ρspec 

(stddev) 
0 min  94.8 94.7 94.8 94.7 94.7 94.74 0.055 
4 min 825 93.0 93.9 93.9 93.5 93.8 93.62 0.383 
8 min 746 92.7 93.3 93.2 92.0 93.3 92.90 0.561 
12 min 549 92.5 93.3 93.2 92.5 93.0 92.90 0.381 
16 min 765 91.9 92.5 92.7 91.9 92.6 92.32 0.390 
20 min 615 91.4 92.2 92.4 91.3 92.3 91.92 0.526 
24 min 706 90.2 91.5 91.2 89.8 91.2 90.78 0.736 
28 min 722 88.6 90.1 90.0 87.4 90.0 89.22 1.192 
32 min 732 88.3 90.2 89.7 86.9 90.3 89.08 1.457 
36 min 728 86.8 89.0 88.7 86.3 88.8 87.92 1.268 
40 min 738 86.9 88.6 88.3 85.7 88.9 87.68 1.346 
44 min 732 86.3 87.8 88.2 85.8 88.8 87.38 1.277 
48 min 732 85.6 87.7 87.8 84.8 87.9 86.76 1.454 
52 min 703 84.5 87.3 86.5 83.3 86.9 85.70 1.720 
56 min 705 83.5 86.9 86.4 82.9 85.5 85.04 1.766 
60 min 712 82.9 86.0 86.2 82.9 86.6 84.92 1.857 

 
Mean average dust concentration: 714 mg/m3; Standard deviation: 63 mg/m3. 
 
Sample SS-PT-09, RPM: 23. % (6.0 m/s +/- 0.3); Date: 21/07/2011; with injection 
 

Time of 
exposure 

Concentration 
[mg/m3] 

ρspec 1 ρspec 2 ρspec 3 ρspec 4 ρspec 5 
ρspec 

(average) 
ρspec 

(stddev) 
0 min  94.8 94.8 94.8 94.8 94.8 94.80 0 
4 min 155 94.7 94.7 94.8 94.7 94.8 94.74 0.055 
8 min 98 94.6 94.7 94.7 94.6 94.7 94.66 0.055 
12 min 147 94.3 94.4 94.5 94.2 94.4 94.36 0.114 
16 min 111 94.1 94.3 94.3 94.1 94.3 94.22 0.110 
20 min 123 94.1 94.2 94.3 93.9 94.3 94.16 0.167 
24 min 116 93.9 94.1 94.1 93.8 94.0 93.98 0.130 
28 min 107 93.7 94.0 94.0 93.6 93.9 93.84 0.182 
32 min 110 93.7 94.0 94.0 93.7 93.9 93.86 0.152 
36 min 130 93.5 93.8 93.8 93.6 93.8 93.70 0.141 
40 min 130 93.4 93.7 93.7 93.3 93.4 93.50 0.187 
44 min 109 93.3 93.5 93.6 93.1 93.6 93.42 0.217 
48 min 130 93.2 93.6 93.5 93.5 93.4 93.44 0.152 
52 min 125 92.9 93.3 93.3 92.7 93.4 93.12 0.303 
56 min 119 92.7 93.0 92.9 92.4 92.9 92.78 0.239 
60 min 113 92.8 93.2 93.3 92.8 93.0 93.02 0.228 

 
Mean average dust concentration: 122 mg/m3; Standard deviation: 15 mg/m3. 
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Sample SS-PT-08, RPM: 56 % (17.6 m/s +/- 0.3); Date: 20/07/2011; with injection 
 

Time of 
exposure 

Concentration 
[mg/m3] 

ρspec 1 ρspec 2 ρspec 3 ρspec 4 ρspec 5 
ρspec 

(average) 
ρspec 

(stddev) 
0 min  94.6 94.6 94.6 94.7 94.6 94.62 0.045 
4 min 391 86.5 88.4 87.8 85.8 88.3 87.36 1.155 
8 min 378 82.5 85.2 84.8 82.0 84.8 83.86 1.489 
12 min 370 79.1 82.2 81.3 78.9 80.1 80.32 1.418 
16 min 362 73.0 77.4 76.2 72.5 78.0 75.42 2.528 
20 min 362 70.5 76.5 75.0 69.3 69.5 72.16 3.351 
24 min 368 66.5 72.4 70.7 63.2 65.0 67.56 3.872 
28 min 342 65.4 71.1 70.2 62.4 65.0 66.82 3.695 
32 min 356 63.3 70.6 68.5 61.4 67.3 66.22 3.785 
36 min 339 58.6 67.1 62.5 56.1 65.2 61.90 4.550 
40 min 343 57.8 66.5 62.1 55.0 60.3 60.34 4.359 
44 min 346 54.0 63.6 60.0 53.2 60.5 58.26 4.481 
48 min 332 52.5 61.7 57.6 50.9 58.4 56.22 4.439 
52 min 339 50.8 62.2 61.0 50.3 50.9 55.04 6.008 
56 min 322 48.8 61.2 57.3 46.1 57.6 54.20 6.421 
60 min 285 46.5 57.4 55.4 43.8 56.7 51.96 6.330 

 
Average dust concentration: 349 mg/m3; Standard deviation: 26 mg/m3. 
 
Sample SS-PT-10, RPM: 56 % (17.5 m/s +/- 0.3); Date: 22/07/2011; with injection 
 

Time of 
exposure 

Concentration 
[mg/m3] 

ρspec 1 ρspec 2 ρspec 3 ρspec 4 ρspec 5 
ρspec 

(average) 
ρspec 

(stddev) 
0 min  94.7 94.7 94.7 94.8 94.7 94.72 0.045 
4 min 147 92.3 93.0 92.5 92.0 92.6 92.48 0.370 
8 min 144 90.3 91.4 91.1 90.0 91.3 90.82 0.630 
12 min 137 87.8 89.5 88.5 86.6 88.8 88.24 1.101 
16 min 129 86.0 87.7 86.7 84.0 87.0 86.28 1.413 
20 min 132 84.1 87.0 85.2 83.0 83.7 84.60 1.560 
24 min 120 83.3 86.4 84.5 82.1 83.2 83.90 1.636 
28 min 126 83.0 85.1 84.0 81.3 81.9 83.06 1.540 
32 min 137 80.4 83.9 82.9 78.8 81.1 81.42 2.022 
36 min 122 81.2 85.2 83.1 80.8 81.5 82.36 1.812 
40 min 136 78.7 82.4 80.7 77.6 78.7 79.62 1.915 
44 min 113 76.0 79.9 78.3 73.3 78.1 77.12 2.546 
48 min 84 75.1 79.6 78.4 73.4 78.8 77.06 2.670 
52 min 94 71.3 76.5 75.3 69.8 76.0 73.78 3.026 
56 min 94 67.5 73.4 72.4 65.5 66.1 68.98 3.668 
60 min 75 66.2 72.6 70.4 63.9 69.1 68.44 3.436 

 
Mean average dust concentration: 119 mg/m3; Standard deviation: 23 mg/m3. 
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Appendix 15: Accelerated aging – specular reflectance: experimental results (graphical) 

 
Experiments 1 & 2: 

- Sample SS-PT-01, RPM: 23 % (6.1 m/s +/- 0.3); Date: 11/07/2011 
- Sample SS-PT-02, RPM: 23 % (6.2 m/s +/- 0.3); Date: 12/07/2011 
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Experiments 3 & 4: 

- Sample SS-PT-03, RPM: 40 % (12.1 m/s +/- 0.3); Date: 13/07/2011 
- Sample SS-PT-04, RPM: 40 % (12.0 m/s +/- 0.3); Date: 14/07/2011 
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Experiment 5 & 6: 

- Sample SS-PT-05, RPM: 40 % (12.2 m/s +/- 0.3); Date: 15/07/2011 
- Sample SS-PT-06, RPM: 40 % (12.1 m/s +/- 0.2); Date: 18/07/2011 
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Experiment 7 & 9 (dust sensor contamination detected): 

- Sample SS-PT-07, RPM: 23. % (6.0 m/s +/- 0.2); Date: 19/07/2011 
- Sample SS-PT-09, RPM: 23. % (6.0 m/s +/- 0.3); Date: 21/07/2011 
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Experiment 8 & 10 (dust sensor contamination detected): 

- Sample SS-PT-08, RPM: 56 % (17.6 m/s +/- 0.3); Date: 20/07/2011 
- Sample SS-PT-10, RPM: 56 % (17.5 m/s +/- 0.3); Date: 22/07/2011 
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Appendix 16: Accelerated aging – loss of hemispherical reflectance (graphical) 
 
Experiments 1 & 2: 

- Sample SS-PT-01, RPM: 23 % (6.1 m/s +/- 0.3); Date: 11/07/2011 
- Sample SS-PT-02, RPM: 23 % (6.2 m/s +/- 0.3); Date: 12/07/2011 
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Note: The loss of hemispherical reflectance is almost neglieable. 
 
Experiments 3 & 4: 

- Sample SS-PT-03, RPM: 40 % (12.1 m/s +/- 0.3); Date: 13/07/2011 
- Sample SS-PT-04, RPM: 40 % (12.0 m/s +/- 0.3); Date: 14/07/2011 
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Note: The noise observed after exposure corresponds to the measurement range. 
(vertical error bars: minimum-maximum). 
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Experiment 5 & 6: 

- Sample SS-PT-05, RPM: 40 % (12.2 m/s +/- 0.3); Date: 15/07/2011 
- Sample SS-PT-06, RPM: 40 % (12.1 m/s +/- 0.2); Date: 18/07/2011 
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Experiment 7 & 9 (dust sensor contamination): 

- Sample SS-PT-07, RPM: 23. % (6.0 m/s +/- 0.2); Date: 19/07/2011 
- Sample SS-PT-09, RPM: 23. % (6.0 m/s +/- 0.3); Date: 21/07/2011 
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Note: The noise observed after exposure corresponds to the measurement range. 
(vertical error bars: minimum-maximum). 
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Experiment 8 & 10 (dust sensor contamination): 

- Sample SS-PT-08, RPM: 56 % (17.6 m/s +/- 0.3); Date: 20/07/2011 
- Sample SS-PT-10, RPM: 56 % (17.5 m/s +/- 0.3); Date: 22/07/2011 
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Note: Both samples have been exposed at the highest wind velocity (≈17.5 m/s) and their 
surface degradation is directly visible without using a microscope. The bottom right corner 
of the mirror is the most degraded region. The noise observed after exposure on the figure 
above corresponds to the measurement range (vertical error bars: minimum-maximum) for 
three measurements carried out at different angles of orientation (0°, 45° and 90°). 
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Appendix 17: Accelerated aging – optical characteristics before and after exposure 

 
The solar weighted specular (or direct) reflectance ρSWD is calculated according to (Eq.2): 
 

SWH
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where ρspec (600 nm, 25 mrad) is the specular reflectance measured at 660 nm wavelength 
and 25 mrad aperture angle, ρhem (660 nm) is the hemispherical measurement at 660 nm 
wavelength and ρSWH is the solar weighted hemispherical reflectance, calculated according 
to (Eq.3): 
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where λi is the mid-wavelength of the wavelength interval ∆λi, Eλi is the solar irradiance 
fraction at the wavelength λi and E0-∞ is the cumulated solar irradiance in the wavelength 
range 250-2500 nm, typical of terrestrial solar radiation. The reference solar spectrum used 
for the solar weighting operation is the ASTM G-173-03 (direct) (Appendix 2). 
 
 

Sample : SS-PT-01 (*) 
Before  
exposure 

After  
exposure 

Average hemispherical reflectance: ρhem (λ=660 nm) 94.93% 94.24% 
Average specular reflectance: ρspec (λ=660 nm, θ = 25 mrad) 95.36% 93.58% 
Gloss index  at 660 nm: (ρspec/ ρhem) 100.46% 99.30% 
Solar weighted hemispherical reflectance ρSWH  
ρSWH (ASTM G173-03, direct): Average 93.31% 92.51% 
ρSWH (ASTM G173-03, direct): Standard deviation 0.01% 0.17% 
Solar weighted direct reflectance ρSWD (θ = 25 mrad)  
ρSWD (ASTM G173-03, direct): Average 93.73% 91.86% 
ρSWD (ASTM G173-03, direct): Standard deviation 0.11% 0.41% 

 
(*) A measurement error has been detected for this sample. The specular reflectance is 
higher than the hemispherical reflectance, which is physically impossible. 
 

Sample : SS-PT-02 
Before  
exposure 

After  
exposure 

Average hemispherical reflectance: ρhem (λ=660 nm) 94.83% 94.53% 
Average specular reflectance: ρspec (λ=660 nm, θ = 25 mrad) 94.72% 93.84% 
Gloss index  at 660 nm: (ρspec/ ρhem) 99.88% 99.27% 
Solar weighted hemispherical reflectance ρSWH  
ρSWH (ASTM G173-03, direct): Average 93.22% 92.81% 
ρSWH (ASTM G173-03, direct): Standard deviation 0.02% 0.10% 
Solar weighted direct reflectance ρSWD (θ = 25 mrad)  
ρSWD (ASTM G173-03, direct): Average 93.11% 92.13% 
ρSWD (ASTM G173-03, direct): Standard deviation 0.11% 0.25% 
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Sample : SS-PT-03 
Before  
exposure 

After  
exposure 

Average hemispherical reflectance: ρhem (λ=660 nm) 94.87% 87.09% 
Average specular reflectance: ρspec (λ=660 nm, θ = 25 mrad) 94.52% 78.90% 
Gloss index  at 660 nm: (ρspec/ ρhem) 99.63% 90.60% 
Solar weighted hemispherical reflectance ρSWH  
ρSWH (ASTM G173-03, direct): Average 93.25% 85.42% 
ρSWH (ASTM G173-03, direct): Standard deviation 0.01% 1.43% 
Solar weighted direct reflectance ρSWD (θ = 25 mrad)  
ρSWD (ASTM G173-03, direct): Average 92.90% 77.38% 
ρSWD (ASTM G173-03, direct): Standard deviation 0.11% 2.21% 

 
 

Sample : SS-PT-04 
Before  
exposure 

After  
exposure 

Average hemispherical reflectance: ρhem (λ=660 nm) 95.02% 88.13% 
Average specular reflectance: ρspec (λ=660 nm, θ = 25 mrad) 94.38% 82.42% 
Gloss index  at 660 nm: (ρspec/ ρhem) 99.33% 93.52% 
Solar weighted hemispherical reflectance ρSWH  
ρSWH (ASTM G173-03, direct): Average 93.35% 86.27% 
ρSWH (ASTM G173-03, direct): Standard deviation 0.03% 1.56% 
Solar weighted direct reflectance ρSWD (θ = 25 mrad)  
ρSWD (ASTM G173-03, direct): Average 92.72% 80.68% 
ρSWD (ASTM G173-03, direct): Standard deviation 0.13% 2.73% 

 
 

Sample : SS-PT-05 
Before  
exposure 

After  
exposure 

Average hemispherical reflectance: ρhem (λ=660 nm) 94.84% 90.84% 
Average specular reflectance: ρspec (λ=660 nm, θ = 25 mrad) 94.46% 87.18% 
Gloss index  at 660 nm: (ρspec/ ρhem) 99.60% 95.97% 
Solar weighted hemispherical reflectance ρSWH  
ρSWH (ASTM G173-03, direct): Average 93.24% 89.11% 
ρSWH (ASTM G173-03, direct): Standard deviation 0.04% 0.73% 
Solar weighted direct reflectance ρSWD (θ = 25 mrad)  
ρSWD (ASTM G173-03, direct): Average 92.86% 85.52% 
ρSWD (ASTM G173-03, direct): Standard deviation 0.14% 1.48% 

 
 

Sample : SS-PT-06 
Before  
exposure 

After  
exposure 

Average hemispherical reflectance: ρhem (λ=660 nm) 94.93% 91.73% 
Average specular reflectance: ρspec (λ=660 nm, θ = 25 mrad) 94.64% 89.16% 
Gloss index  at 660 nm: (ρspec/ ρhem) 99.70% 97.19% 
Solar weighted hemispherical reflectance ρSWH  
ρSWH (ASTM G173-03, direct): Average 93.38% 89.97% 
ρSWH (ASTM G173-03, direct): Standard deviation 0.02% 0.39% 
Solar weighted direct reflectance ρSWD (θ = 25 mrad)  
ρSWD (ASTM G173-03, direct): Average 93.10% 87.44% 
ρSWD (ASTM G173-03, direct): Standard deviation 0.12% 0.75% 
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Sample : SS-PT-07 
Before  
exposure 

After  
exposure 

Average hemispherical reflectance: ρhem (λ=660 nm) 95.08% 90.16% 
Average specular reflectance: ρspec (λ=660 nm, θ = 25 mrad) 94.74% 84.92% 
Gloss index  at 660 nm: (ρspec/ ρhem) 99.64% 94.19% 
Solar weighted hemispherical reflectance ρSWH  
ρSWH (ASTM G173-03, direct): Average 93.37% 88.46% 
ρSWH (ASTM G173-03, direct): Standard deviation 0.04% 1.46% 
Solar weighted direct reflectance ρSWD (θ = 25 mrad)  
ρSWD (ASTM G173-03, direct): Average 93.04% 83.32% 
ρSWD (ASTM G173-03, direct): Standard deviation 0.12% 2.37% 

 
 

Sample : SS-PT-08 
Before  
exposure 

After  
exposure 

Average hemispherical reflectance: ρhem (λ=660 nm) 95.07% 69.55% 
Average specular reflectance: ρspec (λ=660 nm, θ = 25 mrad) 94.62% 51.96% 
Gloss index  at 660 nm: (ρspec/ ρhem) 99.53% 74.71% 
Solar weighted hemispherical reflectance ρSWH  
ρSWH (ASTM G173-03, direct): Average 93.42% 68.68% 
ρSWH (ASTM G173-03, direct): Standard deviation 0.02% 6.21% 
Solar weighted direct reflectance ρSWD (θ = 25 mrad)  
ρSWD (ASTM G173-03, direct): Average 92.98% 51.31% 
ρSWD (ASTM G173-03, direct): Standard deviation 0.11% 8.87% 

 
 

Sample : SS-PT-09 
Before  
exposure 

After  
exposure 

Average hemispherical reflectance: ρhem (λ=660 nm) 95.11% 93.95% 
Average specular reflectance: ρspec (λ=660 nm, θ = 25 mrad) 94.80% 93.02% 
Gloss index  at 660 nm: (ρspec/ ρhem) 99.68% 99.01% 
Solar weighted hemispherical reflectance ρSWH  
ρSWH (ASTM G173-03, direct): Average 93.41% 92.24% 
ρSWH (ASTM G173-03, direct): Standard deviation 0.03% 0.34% 
Solar weighted direct reflectance ρSWD (θ = 25 mrad)  
ρSWD (ASTM G173-03, direct): Average 93.10% 91.32% 
ρSWD (ASTM G173-03, direct): Standard deviation 0.11% 0.42% 

 
 

Sample : SS-PT-10 
Before  
exposure 

After  
exposure 

Average hemispherical reflectance: ρhem (λ=660 nm) 95.16% 81.36% 
Average specular reflectance: ρspec (λ=660 nm, θ = 25 mrad) 94.72% 68.44% 
Gloss index  at 660 nm: (ρspec/ ρhem) 99.54% 84.12% 
Solar weighted hemispherical reflectance ρSWH  
ρSWH (ASTM G173-03, direct): Average 93.47% 79.86% 
ρSWH (ASTM G173-03, direct): Standard deviation 0.01% 2.34% 
Solar weighted direct reflectance ρSWD (θ = 25 mrad)  
ρSWD (ASTM G173-03, direct): Average 93.03% 67.17% 
ρSWD (ASTM G173-03, direct): Standard deviation 0.11% 4.16% 
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Appendix 18: Standard IEC 60068-2-68, tests Lc: blown dust and sand 

 
Description of Test L 
The dust and sand test is structured into three groups: 
 
La: non-abrasive fine dust. A test which is primarily oriented towards the investigation of the 
seals of the test specimen. The test specimen is exposed to a very fine dust in the form of 
talc or an equivalent. The effects of temperature cycling resulting in a pressure difference 
between the inside and outside of the specimen may be reproduced. 
 
Lb: free settling dust. A test which is oriented towards the investigation of the effects when 
simulating conditions at sheltered locations. The test specimen is exposed to a low density 
dust atmosphere created by the intermittent injection of a small quantity of dust which is 
allowed to fall by gravity onto the specimen. 
 
Lc: blown dust and sand. A test which is oriented towards the investigation of the seals and 
the effect of erosion when simulating outdoor and vehicle conditions. The test specimen is 
exposed to either a turbulent or a laminar air flow to which is added a quantity of dust, 
sand or a dust/sand mixture. 
 
 

Test Lc1 Lc2 

Notes 
Blown dust and sand 
Recirculating chamber 

Free blowing dust 

Dust/sand type Olivine or Quartz or Feldspar 
Particle size < 75µm or <150µm or <850µm 

Dust/sand concentration 

1 g/m3 +/- 0.3 g/m3 
2 g/m3 +/- 0.5 g/m3 
5 g/m3 +/- 1.5 g/m3 
10 g/m3 +/- 3 g/m3 

Air velocity 

1.5 m/s +/- 0.2 m/s 
3.0 m/s +/- 0.3 m/s 
5.0 m/s +/- 0.5 m/s 
10 m/s +/- 1 m/s 
15 m/s +/- 1.5 m/s 
20 m/s +/- 2 m/s 
30 m/s +/- 3 m/s 

1.5 m/s +/- 0.2 m/s 
3.0 m/s +/- 0.3 m/s 
5.0 m/s +/- 0.5 m/s 
10 m/s +/- 1 m/s 
15 m/s +/- 1.5 m/s 
20 m/s +/- 2 m/s 
30 m/s +/- 3 m/s 
50 m/s +/- 5 m/s 
100 m/s+/- 10 m/s 
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Appendix 19: Example of a duststorm simulation chamber design 

 

 
 
Appendix 19-a: Schematic of the duststorm simulation chamber (Collier, 1980) 

 
 
 

 
Appendix 19-b: Dust storm simulation apparatus (Cooper, 1985) 

 

exposure zone 

dust sink 
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Appendix 19-c: Side cross-sectional view of the exposure and mixing chambers (Collier, 1980) 
 
 
 

 
Appendix 19-d: Detail of the simulation exposure chamber (Cooper, 1985) 
 
 


