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Figure Captions 

Fig. 1. Specular reflectance of second-surface silvered glass mirrors 

exposed to natural weathering for 480 days. Reflectance measured 

at 500 nm and 15 mrad angular aperture. 

Fig. 2. Expected long-term reflectance of an exposed mirror with and without 

periodic cleaning. 

Fig. 3. Specular reflectance of mirrors undergoing (a) 2-day, (b) 6-day and 

(c) 12-day cleaning cycles. The dashed lines show the reflectance 

increase due to laboratory cleaning; the solid lines show the 

reflectance loss due to natural soiling. 

Fig. 4. Specular reflectance of 5 mirrors as a function of mounting angle 

(0° = face up; 180 = inverted). The mirrors were exposed for a 

total of 12 7 hours (=5 days) during daylight hours of good weather. 

Fig. 5. Hemispherical reflectance for a clean, second-surface, silvered 

float glass mirror. 

Fig. 6. Specular reflectance as a function of wavelength for an initially clean 

mirror (upper curve) and after increasing levels of dust accumulation 

(lower curves). Values listed are the specular reflectance loss measured 

at 500 nm for a 15 mrad angular aperture due to dust accumulation. 

Fig. 7. Specular reflectance loss due to soiling normalized by the specular 

reflectance of the clean mirror as a function of wavelength. 

(R = Dirty mirror, R = Clean mirror). The functional dependence 

of the normalized reflectance loss is directly proportional to the 

scattering strength of the accumulated dust. The data are obtained 

from the curves in Fig. 6 for the various levels of dust accumula-

tion. The values listed refer to the specular reflectance loss at 

500 nm. 



Fig. 8. Diffuse reflectance as a function of wavelength for the soiled 

mirrors shown in lig. 6. The values listed refer to the specular 

reflectance loss at 500 nm. 

Fig. 9. Diffuse reflectance normalized by the diffuse reflectance at 500 nm 

as a function of wavelength for all levels of soil accumulation 

shown in Fig. 8. The High and Low curves represent the limits of 

the normalized curve due to the uncertainty in each measurement. 

The High and Low solar average values refer to the limits of the 

solar averaged specular reflectance loss as discussed in the text. 

Fig. 10 Specular reflectance as a function of angular aperture for a clean 

mirror (upper curve) and for increasing levels of dust accumulation. 

The difference values listed are the difference in specular reflec-

tance between 3 mrad and 15 mrad. The losses listed at the right 

are the specular reflectance losses measured at 15 mrad. All data 

were measured at 500 nm. 

Fig. 11 Extinction coefficient calculated from Mie scattering theory for a 

spherical particle with index of refraction m = 1.5 as a function 

of the size parameter X = 2TTr /X where r = particle radius and 

p p 

X = wavelength of incident light. 

Fig. 12. Amplitude of scattered light as a function of angle for a spherical 

particle with index of refraction m = 1.55 and size parameter x = 

2irr /\ = 3.0. The angle of the incident light is 0°. 

Fig. 13 (a) Schematic of light scattering by dust particles on a second-

surface mirror where I = incident light, I = scattered light and 

o ^ s 

I = reflected light. (b) Convolution of wavelength dependent 

extinction coefficient and the solar spectral distribution as a 

function of particle diameter. (c) Particle size distribution 

function for a naturally soiled mirror. 
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Fig. 14 Energy loss as a function of particle size assuming a particle size 

-3 
distribution function n(r) ar (solid curve). Energy loss assuming 

a dropoff in the particulate concentration for r < 0.2 ym (dashed 

curve). The incident radiation is assumed to have the standard 

solar distribution at sea level. 

Fig. 15 Particle size distribution functions for naturally soiled mirrors. 

Open circles: mirror exposed to natural cleaning (wind and rain) 

for several months. Open squares: mirror ejcposed only to "good" 

weather conditions for a period of 2 days. 

Fig. 16 Accelerated deposition wind tunnel with laser optics for monitoring 

particle flux and measuring real-time reflectance loss of exposed 

mirror. 

Fig. 17 Normalized real-time reflectance loss for mirrors exposed to a 

5 2 

particle flux of ~ 1.2 x 10 particles/cm -sec at wind velocities 

of 20 MPH (Mirror A) and 25 MPH (Mirror B). 
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THE EFFECT OF SOILING ON SOLAR MIRRORS AND TECHNIQUES USED TO MAINTAIN HIGH 

REFLECTIVITY* 

E. P. Roth and R. B. Pettlt 

Sandia Laboratories** 

Albuquerque, New Mexico 87185 

I. Introduction 

Solar mirrors are used to concentrate low-level solar radiation to power levels 

which are practical and efficient for consumption. Any interference with the collec-

tion of that energy not only decreases the power level but also increases the cost of 

the energy available from a solar power system. Solar mirrors are designed to ini-

tially achieve the maximum possible reflectance. However, outdoor exposure subjects 

the mirror materials to environmental conditions which can quickly degrade their 

efficiency. One of the most immediate and drastic effects of outdoor exposure is 

the reflectance loss due to the accumulation of foreign particles on the mirror sur-

face. Specular reflectance losses as great as 25% have been observed for mirrors 

exposed for only a few weeks. The effect of the deposited particles is to reduce 
('12") 

the reflected energy by both absorbing and scattering light. ̂  » •' The degree to 

which the particles reduce the collection of reflected energy depends on their com-

(l 2) 
position, number and size distribution.^ » ^ An additional factor is the optics 

of the collection system. The angular acceptance aperture of the system, defined 

as the angle subtended by the receiver at the concentrator surface, determines the 

relative importance of the scattering due to dust accumulation. For flat plate 

thermal and photovoltaic collectors which have essentially a 180° angular accep-

tance aperture, scattering of the incident light is not critical but absorption can 

be an important factor In the loss of energy. For concentrating collection systems, 

*This work is supported by the Division of Solar Technology, U.S. Department of 

Energy (DOE), under contract DE-ACO4-76-DPOO789. 

**A U.S. DOE facility. 
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such as line focus collectors and central receivers, angular acceptance apertures 

of a few degrees make scattering at the concentrator surface much more important 

and can result in severe energy losses. Thus, from an economic point of view, 

periodic cleaning or reduction of soil accumulation is a practical necessity. 

II. Effect of Natural Soiling on Mirror Reflectance 

Potential methods for controlling the reflectance loss due to soiling must be 

based on both measurements of actual particulate accumulation in an outdoor environ-

ment and an understanding of the basic physical mechanisms of adhesion and light 

scattering. In order to establish a data base for the reflectance loss of exposed 

mirrors, a field test study was initiated simulating some of the operational con-

figurations of solar mirrors. 

A. Long Term Soil Accumulation Study 

Solar mirror materials have been exposed to natural weathering in 

(3) 
Albuquerque, NM for periods exceeding one year.^ ' The mirror materials used were 

second-surface silvered glass obtained from a heliostat panel at the 5MW Central 

Receiver Test Facility (CRTF) at Kirtland AFB, Albuquerque, NM.^^^ These samples 

are typical of the type of materials used in many solar thermal power systems. 

The specular reflectance of the mirrors was measured with a bidirectional re-

flectometer over a wavelength range 400-900 nm and over a 3-15 mrad range of angular 

acceptance apertures.^ -̂  Figure 1 shows the specular reflectance data for a mirror 

exposed for 480 days to natural weathering.^ ^ The data shown are for a wavelength 

of 500 nm and a 15 mrad angular aperture. The data show an initial rapid drop in 

reflectance of approximately 0.006 reflectance units per day (100% reflectance = 

1.00 reflectance units) followed by large fluctuations in reflectance which are 

induced by variations in weather conditions. The weather condition at a particular 

mirror location is one of the critical factors affecting the rate of dust accumula-

6 



tion and the eventual long terra reflectance loss of an exposed mirror. Daily 

reflectance losses as great as 0.144 reflectance units have been measured under 

certain conditions (light rain followed by a wind and dust storm) while increases 

as large as 0.121 reflectance units have been measured at other times (snow-rain 

weather conditions).^ '̂  

Because of the variation in local weather, it is very difficult to predict long 

term reflectance losses for a given location and more difficult to apply those 

results to other locations. In general, uncleaned mirrors in the Albuquerque area 

show a long term decrease in specular reflectance of approximately 0.10-0.15 re-

(3) 
flectance units with large fluctuations about the average.^ ^ Larger reflectance 

losses can occur in other geographic locations, especially in urban environments 

where optically absorbing particles from pollutants can lead to additional energy 

losses.^ Additional outdoor exposure studies at other geographic locations are 

required to obtan a more general understanding of mirror soiling. 

B. Cleaning Cycle Experiment 

When the reflectance of a solar mirror drops sufficiently, cleaning the 

mirror surface becomes economical. Increasing the cleaning frequency should 

raise the average long-term reflectance of the mirror, as depicted in Figure 2, 

although some long-term degradation may,result from the cleaning procedures. 

Figure 3 shows the results of actual cleaning cycle tests in which three sets 

of mirrors were exposed and cleaned on 2-, 6- and 12-day cycles.^ ^ The mirrors 

were measured every two days to show any fluctuations due to weather conditions. 

The results show that laboratory cleaning (three minutes in an ultrasonic bath 

of distilled water and wiped dry with a soft tissue) essentially restores the 

reflectance of each mirror to its initial value. Subsequent exposure results in 

a rapid nonlinear drop in reflectance for each set of mirrors. The average daily 

reflectance loss for, respectively, the 2-, 6- and 12-day cycle mirrors v/as 
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0.0085, 0.0061 and 0.0051 reflectance units. Thus, the rate of dust accumulation 

decreases as the amount of accumulated dust increases. The long term average re-

flectance loss for the 2-, 6- and 12-day cycled mirrors is, respectively, 0.0085, 

0.018 and 0.031 reflectance units, indicating that increased frequency of 

cleaning does raise the average reflectance of the mirrors. 

The level of dust accumulation Is also seen to affect the response of the 

(3) 

mirrors to weather conditions.^ -̂  For example, mirrors which had an appreciable 

accumulation of dust were cleaned by a light rain while newly cleaned mirrors 

experienced a loss in reflectance under the same conditions. These results show 

that weather and mirror conditions can significantly affect the reflectance of 

exposed mirrors and that these conditions must be fully considered in any method 

to predict long-term reflectance loss. 

C. Orientation Angle Experiment 

Several operational parameters can affect the rate of soiling of exposed 

mirrors. For example, the orientation angle of a mirror during periods of in-

operatlon can affect the rate of particulate settling on the surface and can maxi-

mize the effect of natural cleaning forces such as wind and rain. To investigate 

the effect of stowage angle on mirror degradation, a set of five mirrors was 

exposed on a test rack at different angles with respect to the horizontal: 0°, 

30°, 45°, 60° and 180° (inverted).^ ' These samples were exposed only during day-

light hours of good weather, thus representing soiling strictly due to dry depo-

sition. The results of this experiment are shown in Figure 4. Generally, the 

drop in specular reflectance decreased as the orientation angle increased; how-

ever, only the inverted (180°) mirror showed a significant reduction in soiling. 

In other experiments, a 90° stowage angle has also resulted in a significant 

decrease in the rate of soiling.^ ^ These experiments show that any method 

formulated to maintain high reflectivity of solar mirrors must involve the 

optimization of both the cleaning cycle and the stowage position. 
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III. Effect of Accumulated Dust on Specular Reflectance 

The detailed interaction of accumulated dust with the incident solar 

radiation is important in understanding and predicting the loss in collected 

energy. Measurements were performed on a set of solar mirrors exposed to natural 

weathering for a period of five weeks to determine the wavelength dependent scat-

tering by the particulates and the effect of the dust on the beam shape of the 

scattered light.^^^ 

A. Hemispherical Reflectance 

Initially, the hemispherical reflectance of a clean mirror was measured 

over the wavelength interval 320-2500 nm using an integrating sphere reflecto-

meter.^ -' This device allows collection of both the specular and diffuse compo-

nent of the reflected beam over a solid angle of 2ir steradians. Typical data 

are shown in Figure 5. The large dip in reflectance at 1000 nm is due to absorp-

tion in the glass by Fe impurities.^ ^ The cutoff below 400 nm results from 

(12") 
losses in the glass and in the silver reflector layer.^ ^ Subsequent measurements 

of hemispherical reflectance after soiling showed no appreciable decrease In 

reflectance for specular reflectance losses up to a0.05 reflectance units, 

indicating that the energy lost from the specular component went into the diffuse 

scattering background with no measurable loss due to absorption. These results 

are consistent with the type of losses expected from dielectric (nonconducting) 

particles which are usually found in a desert environment. However, outdoor 

exposure to urban environments could lead to contamination by absorbing pollutants 

which could cause a decrease in the net hemispherical reflectance.^ ^ 

B. Wavelength Dependence 

The specular reflectance of mirrors with increasing levels of dirt accu-

mulation is shown in Figure 6 over the wavelength range of 400-900 nm measured 

(Q) 

at a 15 mrad aperture.^ ^ The dominant effect of the accumulated dust is the 
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decrease in specular reflectance over the entire wavelength range with increasing 

level of dust accumulation. At 500 nm the specular reflectance loss varied from 

0.065 to 0.24 reflectance units. The wavelength dependence of the specular 

reflectance loss is shown in more detail In Figure 7. In this figure, the specu-

lar reflectance loss Rjv-Rp, is normalized by the reflectance value of the clean 

mirror, Rp at each wavelength. The wavelength dependence of the reflectance loss 

is directly proportional to the scattering cross section of the dust particles. 

The data show that the net scattering by the accumulated particles Increases with 

decreasing wavelength and with increasing level of soiling, with the scattering 

amplitude still Increasing at 400 nm. Since the soil particles accumulated in 

this experiment do not result in any appreciable absorption, the light lost from 

the specular beam forms the diffusive reflection background. The wavelength de-

pendence of the diffusive background is shown in Figure 8 for the levels of soil 

accumulation shown originally in Figure 6, The diffusive scattering was measured 

with the integrating sphere reflectometer over the wavelength range 320-2500 nm. 

Because of differences in the beam sizes, collection apertures and measurement 

regions, the loss in specular reflectance and the increase in diffuse reflectance 

are not in exact agreement. However, by normalizing the diffuse reflectance by 

the value at 500 nm, the wavelength dependent scattering can be approximately 

determined, independent of the degree of soiling. The resulting normalized curve 

is shown in Figure 9. The HIGH and LOW curves represent the maximum and minimum 

normalized loss values respecively from all regions measured. This figure shows 

that within the accuracy of the data the wavelength dependence of the scattering 

is independent of the concentration of accumulated particles. This result is 

useful since it allows a solar-averaged reflectance loss for this silvered glass 

mirror to be calculated from a measurement at a single wavelength. For the type 

of mirrors used in this experiment, the solar averaged reflectance loss is equal 

to 0.78 + 0«0^ times the specular reflectance loss measured at 500 nm. 
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C. Effect of Dust Particles on Beam Shape 

Accumulated dust particles can have a significant effect on the per-

formance of a solar collector with a small angular acceptance aperture by 

affecting the shape of the reflected beam. The effect of accumulated particles 

on beam shape was measured using the laboratory bidirectional reflectometer over 

an angular aperture range of 3-15 mrad.^ '' The data are shown in Figure 10 at 

the standard wavelength of 500 nm for increasing levels of dust accumulation. 

The values listed in the figure are the differences in specular reflectance 

between the 3 and 15 mrad measurement points. The data show that the main effect 

of accumulated dust is to decrease the overall intensity of the reflected beam 

and not to significantly change the profile. Wide-angle scattering by the accumu-

lated particles (scattering at angles much greater than the acceptance aperture 

of the collection optics) can account for this effect and result in comparable 

losses for both central receiver and distributed power systems which both have 

apertures <̂  2°. 

IV. Scattering Theory 

The detailed scattering of light by particles is a complex function of the 

optical properties of the particles, the size and number distribution of the par-

tides, and the wavelength of the incident light.^ » ^ For solar povrer systems, 

the incident light comes from direct radiation by the sun. The wavelength dis-

tribution of the solar radiation may be modeled as a black body spectrum corres-

ponding to a temperature of «5800 K, modified by absorption in both the solar 

and terrestrial atmospheres.^ • ' The peak in the atmospheric spectrum occurs 

at approximately 500 nm, with a lower cutoff at 300 nm and an upper cut off at 

3500 nm. 
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A. Extinction Coefficient and Angular Scattering Function 

The scattering of light by a single particle is a function of the particles' 

complex Index of refraction, the particle shape and the size of the particle com-

(l 2) 
pared to the wavelength of the incident light.^ » ^ The efficiency of a particle In 

removing energy from Incident light is derived from Mie scattering theory and Is 

given by its extinction coefficient: 

•̂ EXT " ^SCAT "̂  ^ABS ^^^ 

" OSCAT/OA "̂  OABS^OA > 

where KC^AT is the ratio of the effective scattering cross section (ocrAT) of the 

particle to its actual geometric cross section (OA) and KARC is the ratio of the 

effective absorption cross section (aARc) to the geometric cross section. The 

extinction coefflcent for a spherical dielectric particle (no absorption) is shovm 

(] 2 ̂  
in Figure 11 as a function of the particle circumference/wavelength ratio.^ ' ^ 

This curve is valid for most particles of interest for which 1 < m < 2 where m 

is the complex index of refraction. The figure shows that the extinction coefficient 

drops off rapidly for particles small compared to the wavelength of the Incident 

light, peaks at a value where the particle size is comparable to the wavelength and 

then undergoes oscillations of decreasing amplitude about a value of «2 with in-

creasing particle circumference/wavelength ratio. For increasing magnitude of the 

index of refraction, the peak in the extinction coefficient shifts to longer wave-

lengths. ̂  ̂  »^^ 

The angular distribution of the scattering energy is a complicated function 

of the relative particle circumference/wavelength ratio, particle index of refrac-

tion and polarization of the incident light.^ ^ Figure 12 shows the scattering 

amplitude as a function of angle for a particle with 1.55 index of refraction 

and with circumference/wavelength ratio 2TTr / \ = 3.0 (r = particle radius). 

As the size of the particle becomes equal to or larger than the wavelength of the 
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incident light the scattering amplitude becomes peaked in the forward direction 

with weaker lobes occurring at larger angles. However, for most naturally 

occurring particles, the majority of the scattered energy still occurs at angles 

greater than the few degree angular acceptance apertures of most concentrated 

power systems. These calculations agree with the large-angle scattering which 

previously accounted for the negligible effect of accumulated dust on the shape 

of the specularly reflected beam, profile. 

B. Loss in the Specular Reflection Component 

The loss in the specular component of reflected solar energy due to scat-

tering by dust particles can be calculated by convoluting the particle extinction 

coefficients, particle size distribution and solar spectral distribution over all 

particles sizes and solar wavelengths.^ ^ The expression for this loss is given a 

oo oo 

(2) 
00 , 00 

= 2 y dr KA(r,m) r K^^te , in)f(A)dX , 

where r = particle radius, n(r,m) = number of particles/unit area-unit radius, m = 

complex index of refraction, I = solar spectral Intensity and f(A) = wavelength 

function of the solar spectrum. In this expression, the incident solar radiation 

is assumed to have Interacted with the surface layer of dust particles twice as 

shown schematically in Figure 13a, The result of convoluting the wavelength de-

pendent extinction coefficient for a spherical particle with m = 1.5 and the solar 

distribution function is shown in Figure 13b. The net loss in intensity of the 

specular beam is then obtained by further convoluting the function shown in 

Figure 13b with the particle area and the particle size distributions function 



shown in Figure 13c. The particle size distribution function shown in this 

figure is representative of the distribution function actually measured on exposed 

mirrors. This function will be discussed in more detail in Section V, B. The 

resultant energy lost from the specular beam per unit particle diameter; i.e., 

the integrand in the second line of Eq. (2), is shown in Figure 14, assuming a 

particle distribution function of the form n(r,m) a r for ease of calculation. 

The peak in energy loss occurs near 500 nm, corresponding to the peak in the 

solar spectrum. This analysis emphasizes the importance of the small particle 

(0.05 \im <̂  r <̂  1 pm) in the scattering loss. A decrease in the number den-

sity of small particles (r < 0.2 )jm), which has been measured by some investi-

gators, would cause a sharper cutoff in the energy loss function for the small 

particle diameters, as shown by the dashed curve in Figure 14. However, the 

major loss of energy still results from particles in the submicron range. 

V. Deposition and Adhesion 

The deposition of particles on a mirror surface is controlled by the complex 

fluid mechanical interaction of the dust-laden airstream with the entire mirror 

structure.^ ^ Processes such as convective diffusion, impaction and sedimenta-

tion play important roles in the deposition process depending on particle size 

and wind velocity. In general, particles whose Stokes velocity is less than the 

ambient wind velocity will be carried to the mirror surface and can be subse-

quently deposited. Particles with diameters < 100 microns will be suspended by 

wind velocities of only a few miles per hour resulting in a broad size spectrum 

of deposited particles. 

A. Forces of Adhesion 

A wide range of forces are responsible for the adhesion of the particles to 

the surface, as listed in Table 1, The magnitude of these forces depends strongly 

on the nature of both the particles and the mirror surface, varying from a fraction 
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of the gravitational force on the particle to several orders of magnitude greater 

than the gravitational force,^^^ The details of these different mechanisms are not 

sufficiently well understood to permit accurate estimations of the type and magni-

tude of forces responsible for particle adhesion. However, the initial forces of 

adhesion are probably dominated by electrostatic forces and surface energetics, 

while after sufficiently long periods of time stronger chemical and physical bonds 

can develop. The few experiments that have been performed show that the forces 

of adhesion in general increase with decreasing particle size and with Increasing 

time of surface contact.^ ^ The development of the stronger chemical bonds will 

depend strongly on the amount of moisture present at the. particle mirror interface 

and are thus affected by such parameters as relative humidity and rainfall. 

B. Particle Distributions 

As discussed in Section IV, B, the small particles (r <^1 pm) are the 

most important source of scattering for the solar spectrum and, as stated in the 

previous section, experience the greatest surface adhesion. Measurements of the 

actual particle size distribution on weathered mirrors can yield Information on 

the relative significance of the various particle sizes and how different 

environmental conditions can affect their rates of accumulation. 

Particle size distributions have been measured using a Quantimet particle 

sizer.^ ' This instrument measures the number of particles in selected size 

intervals from direct optical images of the mirror surface and from high mag-

nification micrographs taken on a scanning electron microscope. Overlapping par-

ticle size measurements are made at different magnifications at several random 

locations on the surface to obtain a representative characterization of the entire 

mirror surface. An average of 60-70 different locations are measured using five 

different magnifications covering particles with diameters > 0.3 ym. A typical 

particle distribution for a mirror subjected to several months of outdoor exposure 

is shown by the open circles in Figure 15. For convenience In comparing to 
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atmospheric aerosol distributions reported in the literature, the size distribution 

is presented as a logarithmic function, 

dN/Ad(log r) (cm"^) , (3) 

where N is the number of particles with radii < r, r is the particle radius and 

A is the unit area of mirror surface.^ ~ -̂  In general, the size distribution 

is described as 

dN/Ad(log r) « r"*̂  , (4) 

where k »2 for this sample. The particle distribution measured in atmospheric 

aerosols for particle radii > 1 ym is usually described by a power law distri-

bution. The actual logarithmic slope can vary significantly depending on location, 

weather and time of year.^ ' Below 1 ym the atmospheric particle distribu-

tion function usually levels off or actually decreases. The entire distribution 

is often referred to as a lognormal distribution which is modeled with a logarith-

mie Gaussian function plus a power law background distribution.^ ' The distribu-

tion of particles accumulated on the exposed mirror shows some deviation from the 

power law distribution function below 1 ym but the decrease is smaller than ob-

served in aerosols, indicating some preferential adhesion of the small particles 

out of the atmospheric distribution. This result is consistent with experiments 

which have shown increased adhesion for small particles.^ ' 

If indeed the small particles adhere more strongly to the mirror surface, 

then the small particles should likewise be more difficult to remove. The result 

of preferential adhesion of the small particles can be seen by comparing the par-

ticle distribution of the weathered mirror to the distribution of a mirror which 

has undergone only dry deposition. The open squares in Figure 15 show the par-

ticle distribution for a mirror which has undergone only two days of exposure 
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during dry weather. The measured slope is « -1.1 compared to « -2.1 for the 

weathered mirror. The greater magnitude of the slope of the weathered mirror 

occurs because of "natural" cleaning conditions, such as wind and rain, which 

preferentially remove the larger particles while the relative number of smaller 

particles continue to Increase. This result has been confirmed by measurements 

on other mirrors which have undergone varying lengths of outdoor exposure to both 

"dry" and "wet" environments. 

VI. Accelerated Deposition Study 

Variations in weather conditions cause such large fluctuations in the reflec-

tance of exposed mirrors that long-term predictions of reflectance loss are dif-

ficult to make. Measurement of reflectance loss and particle accumulation under 

controlled conditions can yield a better understanding of the effect of such 

parameters as wind velocity, particle flux and humidity on the rate of reflectance 

loss. In addition, controlled particle deposition allows an accurate comparison 

of soiling rates for various mirror materials and cleaning techniques. 

A. Wind Tunnel 

Representative mirror materials have been exposed to accelerated dust 

deposition in a low-velocity wind tunnel equipped with a dust injector/disperser 

unit and laser optical systems capable of monitoring the flux rate of the incident 

particles and the real-time reflectance loss of the exposed mirrors. The mirrors 

are exposed to controlled amounts of a well-defined Arizona Desert Dust^ ' over 

velocity ranges of ^10-30 MPH. The samples are mounted normal to the incident 

airstream to achieve the maximum rate of dust accumulation. The dust injector/dis-

perser unit is capable of injecting particles at densities «10 times greater than 

the particle densities present in normal atmospheric aerosols. The injector has 

also been designed to maintain a constant injected particle size distribution over 

the period of deposition. Specular reflectance losses observed after several 
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months of outdoor exposure have been simulated in approximatly 30 minutes in the 

wind tunnel. Although this accelerated deposition system is not intended to 

exactly duplicate outdoor exposure, it does allow a comparative measurement of 

dust accumulation on various materials under a wide range of exposure conditions. 

B. Laser Optics 

The dust-laden airstream Is monitored using a laser velocimeter apparatus 

and a multichannel analyzer to record the flux of incident particles during the 

deposition period, as shown in Figure 16. The green beam (A = 0.5145 nm) from 

an argon laser is split into two components and recombined in front of the exposed 

mirror to form a region of interference fringes. As particles pass through the 

sampling volume, they scatter light with an intensity pattern characterized by 

the spacing of the interference fringes and the particle velocity, thus allowing 

C21 
the particle transit to be distinguished from background noise in the phototube^ 

Typical flux levels range from 5 x 10 - 5 x 10 particles/cm -sec. 

During the deposition, the reflectance of the mirror is monitored using a 

He-Ne reflectometer. A He-Ne laser beam is expanded to approximately 1 cm 

diameter and is split into a sample beam and a reference beam. The two beams 

(45° to the mirror surface) follow identical optical paths through the wind 

tunnel so that any loss In intensity due to the dust-laden airstream is equal 

for both beams. The ratio of the intensity of the sample beam to the reference 

beam yields the normalized specular reflectance of the mirror independent of 

fluctuations in the laser beam Intensity. The reflectance losses measured with 

this system have been compared with specular reflectance losses measured with 

a laboratory bi-directional reflectometer at 633 nm and agreement has been found 

to be within 0.013 reflectance units over a loss range of 0.05-0.9 reflectance 

units. A typical reflectance loss curve as a function of deposition time is 

shown in Figure 17 for a second-surface silvered glass mirror (mirror A). This 
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particular deposition was performed at a wind velocity of 20 MPH and a flux rate 

5 2 

of «1.2 X 10 particles/cm -sec. Note that the reflectance loss is approxi-

mately a linear function of deposition time. An identical mirror (mirror B) was 

exposed to the same particle flux but at a velocity of 25 MPH, also shown in 

Figure 17. At this higher velocity, the rate of reflectance loss decreased by a 

factor of K1.8. The variation of this single parameter shows that the reflec-

tance loss rate is a rather strong function of wind velocity under conditions 

of dry deposition. This effect results from the increased kinetic energy of the 

particles at higher wind velocities which causes the particles to rebound from 

the surface rather than be held by the acting forces of adhesion.^ ^ A change 

in velocity should have the greatest effect on the small particles which undergo 

the greatest deacceleration along the stagnation line of the mirror. Increasing 

the kinetic energy of these particles raises their energy above the effective 

"capture threshold" energy of the mirror and results in a drop in the effective 

"sticking coefficient" of the small particles. The energy of a significant num-

ber of the larger particles at low velocities already would exceed the "capture 

threshold" of the mirror so that they would be less affected by a change in 

velocity. Initial measurements of the particle distribution on these two mirrors 

indeed show a significant increase in the relative numbers of small particles 

(r <^5 ym) for mirror A (V = 20 MPH) compared to mirror B (V = 25 MPH). The 

1 ym particle density ratio of mirror A to mirror B was K3.1 while the ratio 

was K1.3 at a radius of 10 ym. These results again point to the significant 

role of the small particles in determining the reflectance loss of exposed mirrors. 

Experiments are currently being conducted to extend the scope of these controlled 

depositions to Include other mirror materials, coatings and exposure conditions. 
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VII. Cleaning Strategies 

An understanding of the mechanisms of dust deposition and adhesion can lead 

to the development of techniques to maintain high reflectivity under outdoor expo-

sure conditions. Current cleaning strategies can be generalized into the following 

categories: 

1) Keep dirt from settling and adhering to the surfaces. 

2) Wash off dirt with water or low surface energy detergent-type solutions 

before strong chemical or mechanical bonding can develop. 

3) Wash off dirt with chemically or mechanically active cleaning techniques 

capable of breaking the chemical and mechanical bonds that have developed. 

4) Modify the surface so that strong bonding cannot develop. 

The above strategies can be divided generally into either active or passive 

cleaning methods. Active cleaning methods (strategies 2 and 3) are labor intensive 

techniques which can have serious economic restrictions on the operation of a 

solar power system, while passive techniques (strategies 1 and 4) are primarily 

capital intensive and can possibly result in lower, long-range cleaning costs. 

Currently, strategies 1 and 4 are being investigated as possible approaches to 

the soiling problems, encompasing such techniques as ultrasonic vibration, electro-

(22 2"̂ ^ 
static biasing and antistatic, antisoiling surface coatings.^ ' ^' 

Investigation of strategies 2 and 3 has indicated that glass mirrors can be 

cleaned to within 2% and acrylic mirrors to within 8% of their initial reflectance 

using a high-pressure (1000 psi) tap water spray. In locations containing hard 

water, a final rinse with deionized water or tap water containing a sheeting 

agent may be required. Mechanically or chemically active cleaning is required 

to restore 100% of the initial mirror reflectance. However it is not clear If 

there may be some long-term buildup of nonremovable soil of degradation of the 

mirror surface due to cleaning.^ •' 
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Preliminary tests using conducting oxide coatings, [(Sn02) coupled with an 

electrostatic field] have resulted in the reduction of dust accumulation during 

wind tunnel exposures.^ ' More extensive experiments are planned using this 

technique to characterize the independent effects of the coatings and the applied 

fields on the rate of dust accumulation and the particle size distributions. 

Eventually this technique will be applied to field test experiments. 

VIII. Conclusions 

The accumulation of dust and the resulting loss in specular reflectance of 

exposed mirrors is a complex function of mirror material, weather conditions, 

geographical location and operational methods. Some general conclusions 

based on natural and artificial soiling of solar mirrors are: 

1) Specular reflectance of a freshly exposed mirror undergoes an initial 

rapid drop (0.0085 reflectance units/day from 2 day cycle exposure) fol-

lowed by a decreasing loss rate as the accumulated dust level increases. 

2) The long term reflectance loss of uncleaned silvered glass mirrors in 

Albuquerque is approximately 0.10-0.15 reflectance units with large 

fluctuations about the average. Similar data at other locations and for 

other materials are needed. 

3) Increased cleaning frequency raises the average reflectance of the mirror. 

4) Inverted or vertical storage of the mirrors can significantly reduce the 

rate of dust accumulation. 

5) The effect of weather on the specular reflectance of a mirror depends on 

the mirror's level of dust accumulation. 

6) Dust accumulated upon exposure in the Albuquerque area results in wide-

angle scattering of the incident light. The effect on the specular 

reflectance is primarily to reduce the intensity of the reflected beam 

while essentially maintaining the shape of its intensity profile. 
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7) Dust accumulated in the Albuquerque area results in little absorption. 

The specular reflectance loss to hemispherical reflectance loss ratio 

is approximately 5 to 1. 

8) Scattering caused by accumulated particles Increases with decreasing 

wavelength and Increasing level of soiling, with the scattering amplitude 

increasing below 400 nm, and with the wavelength dependence of dust 

particle scattering Independent of particulate concentration. 

9) Small particles (0.3 ym < r <^1 ym) are the most significant source 

of scattering for the solar spectrum. 

10) The concentration of small particles (r <̂  5 ym) tends to Increase 

more rapidly than the concentration of larger particles for mirrors 

exposed to natural weathering. 

11) Decreasing wind velocity increases the relative rate of accumulation of 

small particles (r <^5 ym). 

12) Surface coatings and electrostatic biasing can possibly reduce the rate 

of dust accumulation. 

The development of any technique to reduce the rate of soiling of exposed 

solar mirrors must necessarily involve the optimization of both the operation 

and design of the mirrors. Long term field test studies will help determine the 

eventual technique or combination of techniques used. 
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