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Dust settling on the Martian surface poses severe problems for usage of solar 

photovoltaic power. Settling processes are here approached from the modelling 

point of view. Extinction of the solar radiation in the dust layer and atmosphere 

are modelled to give the radiation intensity on the surface. The theory section 

focuses on the physics of sedimentation, deposition, and lift-off. Turbulence and 

radiation propagation through the dust layer and atmosphere are also considered. 

Based on these theories, a computer model is developed. The solar panel efficiency 

measurements as a function of time are acquired from the NASA Pathfinder 

mission. At around twenty Martian days, sols, the measured data shows a change 

in the rate of decay of the solar panel system efficiency. In the absence of accurate 

dust deposition theories, empirical models are used and fitted to this data.

Results indicate that solar power is a very atractive source of power for missions 

aiming for Mars. Although dust will obscure the solar radiation increasingly with 

time, even minuscule removal terms can greatly enhance the situation.
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Marsiin laskeutuvilla avaruusaluksilla on merkittävänä ongelmana aurinkopa

neelien pinnalle kerääntyneen pölyn aiheuttama sähkötehon väheneminen. Tässä 

työssä mallinnetaan sekä pölyhiukkasen käytöstä Marsin ilmakehässä että valon 

kulkeutumista Marsin ilmakehän ja kerääntyneen pölykerroksen lävitse. Hiukkas

ten käyttäytymiseen liittyvien teorioiden ja toteutuneiden M ars-missioiden perus

teella on laadittu tietokonemalli. Mallinnuksen tuloksena saadaan odotettavissa 

oleva valon intensiteetti Marsin pinnalla.

Tulosten perusteella todetaan pölyn kasaantuvan varsin nopeasti ehkäisten 

siten aurinkopaneelien valonsaannin. Pienikin pölyn poistuma muuttaa tilanteen 

merkittävästi valoisammaksi. Aurinkoenergia on tämän tutkimuksen perusteella 

jatkossakin kehityskelpoinen energiavaihtoehto myös pidempään Marsin pinnalla 

toimiville tutkimusaluksille.

Avainsanat: Mars, pölyn kulkeutuminen, säteilyn kulku, aurinkopaneeli
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Symbols and Abbreviations

A cross sectional area
a cross-section-weighted mean radius
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An a constant in connection to utt
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В mobility

variable in connection to Kt 
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d particle diameter
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er dielectric constant
77 absolute or dynamical viscosity
fi a variable in connection to
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/3 a variable in connection to V£
/4 a variable in connection to
/5 a variable in connection to
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F¿ drag force
f~ downward diffuse flux
f frequency
Fg force of gravity
FMI Finnish Meteorological Institute
Fs Solar flux
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71
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9
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H
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JPL
к
к
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Ko
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Л
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NASA
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v

U>o
II
1
P
P
9
Re
Pg

thermophoretic force
upward diffuse flux
Van der Waals force
asymmetry factor of the phase function
a variable in connection to two-stream equations; flux attenuation 

flux backscattering 
scattered flux backward fraction 

” ■ scattered flux forward fraction 
a variable in connection to u*t 
Geophysical Research Department of FMI 
gravitational acceleration 
a material constant 
atmospheric scale height 
dust scale height
Helsinki University of Technology
intensity
particle flux
Jet Propulsion Laboratory, NASA 
adhesion contact area radius 
Boltzman’s constant 1.3 • 10~23J/K 
constant deposition rate 
constant
Von Karman constant, kv — 0.4 
particle mean free path 
wavelength
Laboratory of Computational Engineering, HUT 
distance (between charge centers)
Aerocentric longitude (orbital angle from northern spring equinox)
local solar time
depth of layer x
Mars Exploration Rover
direction cosine
static surface friction coefficient 
relative magnetic permeability
National Aeronautics and Space Administration, USA
particle or charge number, depending on context
kinematic viscosity
refractive index of material x
single scattering albedo
parallel, (also T)
perpendicular, (also ’r’)
probability
scattering phase function 
charge
Reynolds number 
gas density
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ßp particle density
r particle radius
R planet radius
rxy reflection coefficient from substance x to y
Sc Schmidt number = rj/pg/D
sol Martian day, 24.6597 h
sr steradian, unit of a solid angle
t+ dimensionless relaxation time
t optical depth
rt relaxation time
вх angle with normal in material x
TOA top of the atmosphere (= AmO)
T temperature
txy transmission coefficient from substance x to у
Up deposition velocity
Uoo free stream velocity
Uoo terminal velocity
U potential
utt wind erosion threshold friction velocity
Vc critical impact velocity
Vdd diffusional deposition velocity
Vdi inertial deposition velocity
V* friction velocity
Vth thermophoretic velocity
v velocity of the flow
w wind velocity
X size parameter
x (surface separation) distance
у depth of the dust layer
zq surface roughness length
z adhesion distance
Zh stream measuring height



Chapter 1

Introduction

1.1 Task Definition

Mars is a hostile world in many respects with a large diurnal and seasonal tem

perature range, gusty winds and a dry, dusty atmosphere. Large temperature 

variations can introduce thermal stresses and can compromise the structure 

and continuity of solar arrays. In time, dust accumulates on and scratches the 

surface of the cover glass thus reducing the amount of radiation reaching the 

semiconductor in the heart of the solar panel and limiting the photovoltaic 

power produced. Shadowing by other lander structures (communications an

tennas, instrumentation booms, etc.) can also cast shadows that can reduce 

the power output.

Here a model is prescribed which estimates the solar radiation intensity reach

ing the surface of Mars through a growing dust layer and dusty atmosphere. 

The major processes included in the model are summarized in Fig. 1.1. This 

model can be used to predict the survival requirements and design factors of 

the solar panels for the Mars lander missions.

1.2 Martian Atmospheric Properties

Mars and Earth have several similarities in their orbital properties. A Martian 

day, called sol (24.6597 h), is only slightly longer than that of Earth’s (24 h)
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Model:

Atmospheric Radiative Transfer

Dust Accumulation
Lander,
Design I Erosion

Radiative Transfer 
through Dust Layer

Cover Glass
Power Solar Panel

Figure 1.1: Model described in this document estimates the dust accumulation on 
the panel and radiative transfer through both the accumulated dust 
layer and the atmosphere above it. The theories of solar panels and 
the radiative transfer through the cover glass are also reviewed.

so the day-night cycle is comparable. Also the obliquity of the Martian or

bit (25.19°, the angle between the orbital and rotational planes) differs only 

slightly from that of Earth (23.45°).

There are, however, some major differences as well. Mars orbits the Sun about 

1.5 times further away than Earth thus receiving only about forty percents of 

the radiative energy incident on Earth. The Martian orbit eccentricity (ratio 

of the distance between focal points to major axis) of 0.0935 is much higher 

than Earths 0.0167, such that the solar distance and season durations vary 

more. Thus, with slightly higher obliquity the seasons are more pronounced 

on a two times longer (about 687 Earth days) Martian year.

The Martian atmosphere consists mostly of carbon dioxide, CO2, with 95.32% 

total fractional volume. Atmospheres surface density is only about 0.020 kg/m3. 

Carbon dioxide condenses at the winter pole and evaporates at the warmer 

summer pole, inducing yearly variations into the atmospheric pressure between 

4 and 8 mbars. The mean pressure of the atmosphere is around 6 mbars, less
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i.-L t. . i

Local solar time (hours)

Figure 1.2: The diurnal pressure cycles measured by the Pathfinder MET instru
ment for sols 9 (solid line) and 19 (dashed line) of the Pathfinder 
mission, illustrating the observed day-to-day changes in the diurnal 

pressure cycle. [SBC+97]

than one hundredth of that on Earth’s sea level. Atmospheric pressure also 

cycles diurnally. This is illustrated in Fig. 1.2 [SBC+97] where the pressure 

cycles of two sols observed by the Pathfinder axe shown.

The temperature varies in diurnal, seasonal and yeaxly cycles between about 

150 and 300K [KJS92]. A diurnal temperature cycle observed by the Pathfinder 

with its three temperature sensors is shown in Fig. 1.3 [SBC+97]. These three 

thermocouples were elevated 0.25, 0.5 and 1 meter from the surface of the lan

der solar panels, which themselves are elevated about 40 cm from the Martian 

ground. The resistivity of the Martian atmosphere to the forces, viscosity, 

depends both on the atmospheric temperature and composition. The concept 

of viscosity is further discussed in sec. 4.2.

The Martian atmosphere is never completely dust free, and is occasionally
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240-

Local solar time (hours)

Figure 1.3: The diurnal variation of atmospheric temperature measured by the 
top (red, 100 cm above the lander solar panes), middle (black, 50 cm), 

and bottom (blue, 25 cm) Pathfinder ASI/MET mast thermocouples 
on sol 26 of the Pathfinder mission. [SBC+97]

(about once in every three years [ZM93]) subject to huge global dust storms 

[IL93]. The wind speed at the surface usually ranges from two to ten meters per 

second, but during a dust storm can reach much higher. Dust storms usually 

get started during the southern hemisphere spring. During a dust storm the 

direct sunlight can be totally obscured, hence leaving the solar panels with 

only the scattered light. Even the biggest storms settle in time, producing 

a blanket of dust over landscape, and over the solar panel surface. A dust 

storm can thus have a considerable effect on the surface conditions and on the 

performance of the solar panels. In this work, occurrence of dust storms is not 

predicted, but the model is sufficiently flexible to account for their effects on 

the solar power production by worst case scenarios.
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1.3 Mars Pathfinder Solar Power 

System Evolution

The Mars Pathfinder landed at 19.33 N, 33.55 W [G+99, Gol97], Measure

ments of the power output from the solar panels and airborne dust indicated 

that dust accumulation on the solar panels during the first 20 days reduced 

the power by about 0.5%/sol. After that, the power loss declines to about 

0.1%/sol. [CPE03] Reasons for this change in the power loss rate are yet un

clear but there are many possible scenarios to explain it.

To get the first estimate of the corresponding optical depth growth, Eq. 3.9 

is used. Thus for the initial 20 sols the daily optical depth growth can be 

estimated as

At = - In 1 - 0.005 = 0.00501 sa 0.005/sol. (1.1)

Similarly, At = - In 1 - 0.001 = 0.00100 /sol for the following sols after 

the first twenty. In these quick calculations, only the direct and once scat

tered radiation has been taken into account. The real optical depth growth is 

somewhat greater because there is also a contribution from multiply-scattered 

radiation increasing the amount of transmitted radiation. But this will only be 

a factor for the later sols when the dust layer becomes optically thick [vdH81].

1.4 Research Approach

To model the available solar energy on the surface of Mars, the task is divided 

into a series of discrete segments including radiative transfer through the atmo

sphere, dust fallout and accumulation rates, dust adhesion processes, and the 

removal of dust from the solar panels. First, the radiative transfer issues axe 

discussed. Second, the dust layer formation is considered, and finally these are 

brought together to form the model of time dependent radiative transmission 

on the solar panels lying on the Martian surface.

The distribution and optical properties of airborne dust on Mars are summa

rized in Chapter 2. The transfer of solar radiation through the atmosphere
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and into the solar cell are described in Chapter 3. There, the atmospheric 

radiative transfer is approximated by two-stream techniques (sec. 3.4), which 

provide an analytic solution for the upward and downward solar irradiances in 

scattering, absorbing atmospheres.

Chapters 4 and 5 describe the processes that transport, deposit, and remove 

dust from the surfaces of solar panels. This has become the primary focus 

of this research since it is the least developed part of the current knowledge. 

Chapter 6 briefly discusses the photovoltaic power generation by the lander 

solar panels. The model is summarized in Chapter 7 before concluding this 

work in Chapter 8.



Chapter 2

Martian Atmospheric Dust and 

its Properties

2.1 Dust Particle Size and Shape

The lifting, suspension, transport, and deposition of dust by the Martian at

mosphere depends on the dust composition, density, and particle size and 

shape distributions as well as the atmospheric density, wind velocity and dust 

particle velocity. Existing observations show that the airborne dust particles 

are composed primarily of basalt and its weathering products, like most of 

the surface of Mars. [WJ02] Optical measurements obtained by the Imager 

for Mars Pathfinder (IMP) indicate that the dust particles are non-spherical, 

and very small. Specifically, these data show that the optical properties of 

the particles can be simulated best with a distribution of particle sizes with a 

modal radius between 0.2 and 0.4 microns, and a cross-section-weighted mean 

radius of 1.6 ± 0.15 microns [TDL+99, MSK+99]. These estimates assume 

that the particle size distribution can be characterized by a standard Gamma 

distribution of the form

. . l-зь _ r
n(r) = с - r b e “Ь, (2.1)
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where n(r) is the number density, a is the cross-section-weighted mean radius 

f rnr2n(r)dr / f Trr2n(r)dr, b is a dimensionless cross section weighted variance

b- S{r-a)Y,t)dr, (2.2)
a¿ J irr¿n{r)dr

and constant c can be expressed in terms of the gamma function, F(z) =

JTr-'e *, as

(2.3)

where N is the total number of particles [HD74]. Imager for Mars Pathfinder 

results bound b to the range 0.2 - 0.5 [TDL+99], The standard Gamma size 

distribution is in Fig. 2.1 plotted for different values of variance b, namely 0.2, 

0.3 and 0.49. The standard distribution, Eq. (2.1), average particle radius is 

< r >= f rn(r)dr/ f n(r)dr. For a = 1.6 /mi and b = 0.2 the average 

particle radius is < r > — 0.96 /mi, and for b = 0.49 it is < r > = 0.11/mi. 

The median for a = 1.6 /mi and b = 0.2 is 0.85 /¿m.

However, similar results can be derived using other size distributions, such as 

the log normal distribution which gives number densities n(r) as

(2.4)

where In rg = J0°° In r n(r)dr is the median of particle size in logarithm scale 

and c2 = Jq00(In r — In rg)2n(r)dr is the variance of the logarithm of the particle 

radius r. [HD74, FS88]

The Gamma distribution has more small particles, and fewer large particles 

than the log normal distribution. Such differences in the dust particle size 

distribution can have a large effect on the rates of dust lifting and deposition. 

These processes are quantified in Chapter 4. Also the dust particle coagulation 

rate depends on the size distribution and on the total number of particles (see 

Appendix A on page 75). Coagulation is not further considered here as the 

size distribution is assumed fixed throughout this work.

Strong wind is capable of lifting bigger particles with respect to an average 

Martian atmospheric particle of less than micron of radius (see sec. 5.10.1 on
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b = 0.2
b = 0.3

— b = 0.49

10"1
particle radius in microns

Figure 2.1: Standard distribution density n(r), Eq. (2.1), with mean cross- 

sectionally weighted radius, a = 1.6, for variances 0.2 (red), 0.3 (black 

dash) and 0.49 (dotted blue).

page 53). Since the coagulation rate is strongly dependent on the particle 

number concentration, it feels plausible that during dust storm conditions 

(high number concentration, strong winds), in comparison with a mild weather 

situation, atmospheric dust size distribution would have relatively more bigger 

particles. Correspondingly, in a mild weather situations the biggest particles 

deposit quickest and only the smaller ones prevail aloft in the atmosphere.

2.2 Dust Optical Properties

The optical properties of dust are governed by individual particle sizes, shapes, 

materials, densities and structures, as well as particle packing densities, size 

distribution and deposition geometry. None of these are well known for Mar

tian dust, so this work has to rely on a few in-situ measurements (mainly
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those made by the Pathfinder and the Viking landers), models, and simula

tions available, to get reasonable input values to insert in the models. From an 

optical standpoint, it is the cross-section-weighted mean particle size that is 

most critical. This property, combined with constraints on particle shape and 

the wavelength-dependent optical properties of the bulk material (the real and 

imaginary components of the index of refraction) are needed to characterize 

the ”single scattering” optical properties of the particle.

Light scattering by a single particle depends heavily on the particle size (ra

dius, r) relative to the wavelength of the incident light, Л. Real, irregularly 

shaped particles could be modeled by geometric optics, provided that the size 

parameter X,

2tt r
X -

A
(2.5)

would be large enough, X > 1 [VolOl], depending on the shape of the particle 

and on the required accuracy. Also, any sharp edges on the particle impair the 

accuracy of the geometric optics. For non-spherical particles, the radius used 

in the definition of the size parameter is often taken to be the radius of either 

the equivalent volume- or equivalent area sphere. Generally, exact modeling of 

realistic irregular particles is difficult and approximative methods have to be 

used. Which approximation is most appropriate to a given situation depends 

heavily on the particle size parameter X.

Particles greatly smaller than the wavelength of the incident light (X 1), 

start to oscillate with the electro-magnetic field and scatter as a dipole. This 

is called Rayleigh scattering, which is in strength proportional to /4, where / 

is the frequency of the incident light [vdH81]. The condition X < 1 has also 

to be full filled inside the particle. Small particles that are in the Rayleigh 

limit, follow this behavior regardless of their shape.

For perfect homogeneous spheres of any size, the scattering problem can be 

analytically solved from the Maxwell equations. The scattering phase function 

acquired in this way has a strong forward peak and many sidelobes, the more 

the bigger the size parameter X is. The solution is called the Mie-solution, 

and is discussed in Bohren & Huffman [ВН98]. Assuming dust particles to be 

spheres would introduce errors in analyzing their behavior though [МНТ00].
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These errors can be minimized by selecting dust properties (refraction in

dex and size distribution) that produce an acceptable fit to available observa

tions [TDL+99].

The particle extinction cross section, aext, describes how efficiently a particle 

scatters and absorbs the field it resides in. Common sense and experience from 

the macroscopic world tells us that an obstacle will remove, absorb or scatter 

the radiation incident on it. The extinction cross-section would thus equal 

the real geometrical cross section Ag — ттгд, where rg is the particle average 

radius normal to the incident radiance (radiance discussed in sec. 3.2). This, 

however, is not the truth. Due to diffraction effects from the particle edges, 

real extinction cross-section can differ considerably from the geometrical one. 

Moreover, aext is strongly dependent on the size parameter X, oscillating wildly 

for particles of radius 1 /лn and smaller. The ratio of extinction cross-section, 

aext, and geometrical cross-section, Ag, is called the extinction coefficient Qext-

Q,„ = ^ (2.6)

For very small size parameters, extinction coefficient Qext is well below one. 

On growing X, Qext steeply reaches high up to the values around 5. After this, 

on going towards bigger particle sizes, Qext oscillates around 2 where it finally 

settles for the biggest particles. Qext = 2 means that an obstacle removes twice 

the radiant energy falling on its cross-sectional area. By far most of the diffrac

tion from obstacles is directed forwards, which is why for macroscopic objects 

in everyday life it is very hard to get far enough to observe the total extinction. 

Thus because seemingly disagreeing with mundane everyday observations, this 

phenomena is called the ’extinction paradox’. [vdHSl, HD74]

Extinction is the combined result of absorption and scattering. Due to energy 

conservation, we can define

(Text — &abs T G scat, (^'^)

where ааь3 is the absorption cross-section and <rscat respectively the scattering 

cross-section. And for the scattering and absorption coefficients similarly to 

Eq. (2.6), as follows:

^ Gabs "t" Gscat   ^
tyext — "j — tyabs “г Unseat

^■9
(2.8)
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where Qsca and Qabs are the scattering and absorption cross-sections respec

tively.

The Mars Pathfinder sol 56 IMP observations indicate Qext — 2.8, and

Qscat = 2.09 at the incident light wavelength of A = 443.6 pm. For longer 

wavelengths both values of Qext and Qscat rise. At A = 965.3 pm, Qext = 3.2 

and Qscat = 3.07. [MSK+99, MKT+02] For simplicity, a constant value of 

Qext = 2.5 is used in all of our model test cases.

The single scattering albedo, wo, describes how much of the light is scattered 

once it hits a particle [BH98]:

tvo
Qext

Qs
Qsca Qabs

(2.9)

Qext can also be written as Qext = (PSCa + Pahs)Qext, where Psca = too and 

Pabs = 1 — tvo are the fractional parts of scattering and absorption in extinction 

SO that PeXt — Psca T Pabs T

For the Martian atmospheric dust particles, the single scattering albedo ujq 

is varying between 0.5 and 0.95. [TDL+99, JGL03] At light wavelengths of 

800 nm and longer, uj0 reaches over 0.9. Below this, different authors have 

acquired differing values, but common to them all is a decreasing trend, which 

corresponds to increasing absorption, towards shorter wavelengths. For the 

deposited dust particles the estimates for the single scattering albedo range 

between 0.2 and 0.7. The difference in albedo between the atmospheric and the 

surface dust can be explained by surface particle coagulation (Appendix A), 

vicinity of the surface, and by breakage of the scattering far-field approximation 

(section 3.5). [JGL03] In the modeling cases introduced in Chapter 7.3, the 

value of ujo = 0.9 is used.

Once light has been scattered from a particle, directional distribution is de

scribed by the scattering phase function, Р(во, Фо, д, Ф) where (во, фо) is the 

angle of incident radiation and (во, фо) the angle for reflected ray. In simpler 

radiative transfer methods, this information is captured by the first moment of 

the phase function or the so-called asymmetry parameter, ga = < cos в > = 

f4n P cos (Mil [ВН98]. The Imager for Mars Pathfinder observed asymmetry 

parameter to vary between 0.65 and 0.78, being generally highest for the short-
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est incident light wavelengths [TDL+99]. We have used the value of ga = 0.75 

in our modeling test cases in sec. 7.3.

Viking Orbiter measurements show that the real part of the refractive in

dex of Mars dust is around 1.55 [JGL03, ОВ1Р+97]. The imaginary part is 

somewhere between 0.001 and 0.1, being highest for the most energetic of pho

tons. The imaginary index of refraction is subject to considerable uncertainty 

and expected to vary strongly from particle to particle. [TDL+99, MSK+99, 

OBIP+97]

2.3 Summary of Dust Properties

First, in sec. 2.1, the log normal and Gamma distributions were introduced. 

Gamma distribution is used in this work to describe dust particle sizes. Mars 

Pathfinder IMP measured data was reviewed. The IMP measurements indicate 

the cross sectionally weighted radius to be a — 1.6 gm, and the nondimensional 

variance b — 0.2 - 0.5. Optical depth, which frequently comes up in this 

work, was introduced in sec. 2.2. In the same section the extinction coefficient 

Qext, the single scattering albedo iv0, and the asymmetry parameter ga were 

explained. In the simulation test runs, summarized in sec. 7.3, the values of 

u>o — 0.9, Qext = 2.5 and ga — 0.75 are used.

The Martian atmosphere is occasionally very dusty. Observations show that 

this dust cycles in and out of the atmosphere, at times settling on the sur

face. Thus the topmost layer of the accumulated surface dust does presumably 

not differ considerably in size or composition from that of an airborne dust 

although smallest particles are likely to merge with the bigger ones, see Ap

pendix A. Hence, in the absence of a better knowledge, it has been assumed 

throughout this work that the dust on the surface is similar to the dust in the 

atmosphere.



Chapter 3

Radiative Transfer

3.1 Introduction

The top of the atmosphere (TOA) on Mars receives less than half of the solar 

flux Earth does. This is because Mars circles the Sun 1.5 times further away 

than Earth. From the TOA, sunlight must travel through the atmosphere, any 

deposited dust layer, and the cover glass before reaching the solar cells, where 

it is converted into electricity. Some of the photons arrive at the surface of the 

cell directly from the sun, while others encounter dust particles and are either 

absorbed or scattered. The photons that arrive without being absorbed or 

scattered constitute the ”direct” component of the radiation field, while those 

that arrive after being scattered form the ”diffuse” contribution. In Fig. 3.1 a 

schematic presentation of this process is shown.

This section describes the radiative transfer though the atmosphere, a de

posited dust layer, and the solar cell cover glass. First, the concepts of radiance 

and flux are introduced in sec. 3.2. A brief introduction to the attenuation of 

direct solar radiation by an absorbing atmosphere is provided in sec. 3.3. This 

discussion is then expanded to include the combined effects of absorption and 

scattering by an airborne dust layer in sec. 3.4. The methods used to sim

ulate the transfer of solar radiation through a deposited dust layer are then 

described in sec. 3.5, and finally the radiative transfer through the solar cell 

cover glass is explained in sec. 3.6.
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Figure 3.1: Overall view of the radiative transfer problem showing propagation of 
light through the atmosphere and a dust layer

3.2 Basic Concepts, Radiance and Flux

In connection with radiative transfer, concepts of radiance, flux, irradiance 

and intensity are used. In this section these are briefly explained in the form 

they appear in this work.

Intensity I is defined as the radiative energy through a surface dA in a given 

direction в, time t and a solid angle fi:

I =------—------ , (3.1)
cos QdtldtdA

where df? = sin OdOdcp. Intensity is often also referred as radiance L. Units for 

intensity are [W/m2/sr], The intensity, as a function of position and direction, 

gives a complete description of the radiation field.

Flux F, or irradiance, is defined as the total radiant energy incident on a 

surface per unit area and time, 

dE
F =

dtdA
(3.2)
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Flux has units [W/m2]. From Eqs. (3.25) and (3.2), we get the important 

relation between intensity and flux [BS86]:

F — f I cos OdQ (3.3)
Jo

That is to say that we get the flux by integrating the normal component of 

intensities in every direction. A hemispheric flux is obtained by integrating 

only over upper and lower hemispheres. For an isotropic intensity field the 

hemispheric flux becomes

(3.4)

In this work we are mainly interested in the hemispheric flux falling onto the 

surface.

3.3 Absorption of Direct Solar Radiation by 

Atmosphere

The extinction (absorption and scattering) of direct solar radiation is usually 

expressed in terms of the column optical depth:

r = / aext(z,X)N(z)dz (3.5)
J 2=0

where Л is the incident wavelength, N(z) is the number density of particles, 

Z is the altitude and <7eit is the extinction cross section per particle and was 

introduced in sec. 2.2. Values for the optical depth vary typically from very 

clear t — 0.2, nominal r = 0.5 and reasonably dusty r = 1, up to severe 

dust storm t — Ъ conditions [SL99].

Given the definition of optical depth, Eq. 3.5, the extinction of the irradiance 

is given by the Beer-Bouguer-Lambert Law [BS86]:

It = Ioe-TX (3.6)

where I0 is the intensity at the top of the atmosphere, and x is the airmass 

factor. For a plane-parallel layer, the airmass factor x is the inverse of the
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Solar cosine angle, x = l/цо - l/cos(60). For a planetary atmosphere simple 

geometrical analysis yields

(3.7)

where R is the Martian radius (3397 km [KJS92]) and H is the atmospheric 

scale height (11.1 km [KinOl]). As the Sun sets, atmospheric airmass ap

proaches + = 24.8, while for a plane parallel case, applicable to a

deposited dust on a solar panel surface, it approaches infinity. Both are unity 

when the Sun is at zenith.

Beer’s law, Eq. (3.6) can be applied to fluxes in a similar fashion as to inten

sities. This follows from Eqs. (3.3) and (3.6), because

(3.8)

In the following discussions fluxes are used rather than intensities, as they 

are more convenient in the problem at hand providing exactly the information 

needed.

As noted above, some of the radiation in the direct beam is absorbed and 

some is scattered into the diffuse solar radiation field. Similarly, some of the 

solar flux incident on the surface (or a solar panel) is absorbed there, some 

is reflected back into the atmosphere. In general, the surface reflectance can 

vary with angle, but here, this quantity will be characterized by an angle- 

independent ”surface albedo”, as. Given the surface albedo, the net solar 

radiation absorbed by the surface is given by:

Ft = (1 - as)noFoe TX, (3.9)

The surface albedo for Mars ranges between 0.08 and 0.4, being on average 

0.25, depending on both the soil and surface properties [KJS92]. In our model 

test cases, Chapter 7, a value of as — 0.3 is used.
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3.4 Radiative Transfer Through Atmosphere

The Martian atmosphere has lower pressure than that of Earth’s, but usually 

suspends enough dust to scatter and absorb incoming radiation with an op

tical depth ranging from clear r = 0.2, through normal r = 0.5, to severe 

dust storm of r = 5. To estimate the radiation reaching the panel through a 

dust layer, first the amount of radiation transmitted through the atmosphere 

has to be known. Many contributors have already done this with good accu

racy [STWJ88, KST, Kyl92], In this section an approach for radiative transfer 

problem, called the two-stream method, is reviewed. This method is well de

scribed by Meador к Weaver [MW79]. For this work, the atmosphere has been 

modeled as a single layer, and a method described here has been applied to it.

In the two-stream methods, the radiation field is approximated with an up 

and down going diffuse fluxes, /+ and /“. The so-called two-stream equations 

describe this as:

(3.10)

where ivq is the single-scattering albedo and Fpm the incident direct flux from 

above. Each layer is characterized by its optical depth, r and four variables 

7i)72)73 and 74 depending on the cosine of the zenith angle of the direct 

solar beam, /r0, the scattering albedo and different moments of the scattering 

phase function. The 7’s acquire constant values for homogeneous substances, 

leading to simple exponential solutions for the diffuse fluxes f~ and /+. It 

should be noted, that Meador and Weaver [MW79] use /± for diffuse fluxes (as 

= Jql fildfi), whereas in this work f± is used for hemispheric diffuse fluxes, 

capital F for direct flux (Meador and Weaver use nF), and I is reserved for 

intensity.

Eqs. 3.10 can roughly be interpreted such that 71 is the flux attenuation, 72 is 

the flux backscattering, 73 is the backward fraction and 74 the forward fraction 

of the scattered flux. In this work the Eddington approximation is used. In 

the Eddington method, the intensity field is assumed to be composed of a 

isotropic and forward aligned components as 7(r, /z) = Iq(t) + /гД(т). This
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approximation gives the following values for gammas [MW79]:

71 — l/4[7 — wo(4 + 3<7a)],

72 = —1/4[1 -u;0(4-3sa)], ^311j
73 = 1/4(2 - 3gafio),

74 = 1 - 73,

where ga is the asymmetry factor, sec. 2.2. Analytical solutions for fluxes in 

Eqs. 3.10 are

p-r/pio
— <3-12>

where

+

1____ 7i + k кт i 1 гг
* 02

= ei e + e2 e- T +
f- _ 72 72 Oi

ai = 7i^4 + 72^3,
Û2 = 71У3 + 72^4 and (3.13)

к = V7i - 72-

Variables ei and e% can be derived once boundary conditions are specified. For 

the problem at hand, the boundary conditions are chosen to be /“(0) = /0 

and /+(т2) — as- f~(rz). The first one means means that the downward diffuse 

flux at the top of the layer is /0. The second of the boundary conditions means 

that the upward diffuse flux at the bottom of the layer, where т = rz, is equal 

to the downward diffuse flux at the bottom of the layer multiplied by surface 

albedo, as. Denoting

V3 — FdirIjJo'Iz,

V4 — FoiR^oh, 

bi = ai+ V4/H0,

62 — 02 — V3/ßo,
di = {-аа72 - к 4- 7i)e~fcT*,

d2 = (os72 - k- 7i)efcTz and

c = k2 - 4,

yields

_ c/odi/72 - Mi/72 + (b2 - asbi)e~Tt^°

c(d\ + ¿2)
_ 0/0^2/72 - M2/72 - {b2 - asbi)e~Tz/ß0

c(d\ + <¿2)

and

(3.14)

(3.15)

(3.16)
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Thus, for the transmitted diffuse flux the solution is

/ Ы
2bjk + 272(¿>2 - asbi)e Tz//J° sinhkrz + bi(di + d2)e r*/w - 2cf0k

c(d\ + (¿2)
(3.17)

At the top of the atmosphere, (TOA), where the direct sunlight is the only 

source of downward radiation, the first boundary condition specifies that the 

amount of the downward diffuse flux at the top of the atmosphere equals zero, 

/-(0) = /0 = 0. Thus the above equation can be simplified by setting the 

last term, which includes /0, equal to zero for the topmost atmospheric layer, 

f~{rz,FDIR,fo) = f-{Tatm,Fsun, 0), where Tatm is the optical depth of the 

atmosphere.

The attenuation approach, Eq. (3.9), is then used in conjunction with the two- 

stream models, Eqs. (3.10), to give the amount of total transmitted flux on 

the top of the dust layer, or bottom of the atmosphere, as

Ftotal — Ft HO + / (Totm)/il, (3.18)

where Hi is the cosine of the angle taken to represent the diffuse radiation. 

For hi the value of 1/1/3 from Gaussian quadrature is chosen. For other than 

horizontal surfaces the component of the upward diffuse radiation has also to 

be taken into account.

Fig. 3.2 shows the direct, diffuse, and total transmission for a normalized 

incident flux. When the Sun is at zenith (ho = 1), the direct flux (dashed line) 

is at its largest. As the optical depth increases, the diffuse flux (solid line) 

becomes dominant. As Sun’s zenith angle increases (ho decreases), the point 

where diffuse flux becomes dominant over direct flux (crossing of the solid and 

dashed lines) occurs at lower values of optical depth r. Thus, as either the 

optical depth or the Sun’s zenith angle increase, the relative importance of 

diffuse light also increases.

When the Sun is at zenith and r = 1, about 60% of the light reaching

the surface of the dust layer is directly transmitted. This can be seen in 

Fig. 3.2, where at r = 1, about 37% of the light is directly transmitted, 

accompanied by additional 23% transmission by the diffuse component. Thus
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Optical depth

Figure 3.2: direct (dashed, Eq. (3.9)-/zo), diffuse (solid, Eq. (3.17)-/ii), and total 
(dotted, Eq. (3.18)) transmission for a plane parallel atmosphere as a 
function of the optical depth when the TOA intensity is normalized 
to one. Black lines are for zenith angle ¡jlq = 1, and blue ones for 
/r0 = 0.5. Single scattering albedo and asymmetry parameter have 
values of ujq = 0.8 and g = 0.75 (sec. 2.2)

the total flux transmittance is 60% of which the direct fraction is 37/60 = 

61%. During a heavy dust storm, virtually no direct light from the Sun can 

pass the atmosphere without scattering at least once, often multiple times. 

Because of its material properties, Martian dust absorbs in the blue end of 

the spectrum and scatters more in the red [Lan98]. This means that during 

a dust storm the radiative spectrum reaching the surface consists mostly of 

diffuse radiation and is thus proportionally reddened compared to the direct 

sunlight. Air molecules have an opposite effect by scattering more efficiently 

higher frequency light and causing the blue sky on Earth. This is due to the 

Rayleigh scattering discussed in sec. 2.2. On Mars, with only a fraction of the
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atmosphere, the reddening due to dust dominates over the Rayleigh effect and 

a reddish sky has been observed by the landers.

3.5 Radiative Transfer through Dust Layer

After landing, when clean panels are laid on the Martian surface, the first 

few particles that reach the solar panel surface are far from each other so 

that they do not form a layer but are rather described as separate dust par

ticles on a glass surface. The scattering problem for particles resting on a 

surface is not a trivial one. Interesting experiments have been made consid

ering the reflectivity of a double-layered surface with various particle sizes on 

the top [DLE88, BH90, Cha90, WVG87]. Also packing density of the particles 

affects the transmission of light through a dust layer. The denser the medium 

the smaller the attenuation constant compared to the theoretical one. [IK82] 

This introduces an overestimate on the attenuation for a given optical depth.

An approach, like the one discussed in sec. 3.4 is not strictly valid when applied 

for a dust layer. Atmospheric scattering models use the far-field approxima

tion, which assumes that the particles are far enough apart that the shadows 

from individual dust particles are filled in by diffraction. This condition is 

violated by a dust layer, where the particles are in physical contact.

To simplify the treatment of the radiative transfer through a layer of dust 

deposited on the solar panel, the dust layer is treated as a single homogeneous 

layer. For that layer, one could experimentally determine the decay constant 

a and solve the transmittance by Beer’s law, Eq. (3.9). Ignoring the scattered 

component would however produce major errors, especially when there are 

many scattering components involved, like in the dusty Martian atmosphere.

Here it is assumed that a dust layer which has been deposited on the solar 

panel will absorb and scatter solar radiation in a manner similar to that of 

airborne particles. This would mean that a dust layer could be simulated by 

a homogeneous scattering layer on top of the solar panel cover glass. The 

two-stream methods, described in the previous sec. 3.4 are used for the dust 

layer as well. Now, the upper boundary condition has to be set equal to the
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diffuse flux solution of the atmospheric part, Eq. (3.17).

Similar to Eq. (3.18), we now get the total transmitted flux as

Ftotal = Ftd (M) + /dust(Tz)^b (3.19)

where now fdust(rz, FDIR, f0) = f~(Tduat, Fu /"(ratm)) is the diffuse downward 

flux at the bottom of the dust layer. In calculating fdust from the Eq. (3.17), 

the direct flux at the top of the layer, FDIR) is set as the direct radiation that 

has been transmitted through the atmosphere, Ft = e~TatmFo. The diffuse 

downward solution of the atmospheric part /_(rotm) is set as the incoming 

diffuse flux from the top of the layer, /о- Ft and /~(та<т) are given in Eqs. (3.6) 

and (3.17). The direct flux at the bottom of the dust layer, Ftd, has been 

attenuated by both factors e~Tdu’1 and e~Tatm, the dust layer and atmospheric 

parts respectively. It follows that r = Tdust + ratm in Eq. 3.9, and thus Ftd —
g F atm Tdust

Bidirectional Reflectance Spectroscopy provides an alternative theory for the 

dust layer radiative transfer calculations discussed above. Bidirectional re

flectance theories take into account inter-particle shadowing and suit well for 

a packed granular media. According to its name however, the method focuses 

on the reflected radiative quantities, while in this work the interest lies in the 

transmitted part. [MDYZ99, Hap81, HW81]

3.6 Transmission Through Cover Slip

Radiative transmission through the solar panel cover slip depends on the rela

tive refractive index between the materials involved (glass and air on the one 

side, glass and silicon or GaAs on the other), the angle of incidence of the 

incoming radiation (be it direct or diffuse) and on the polarization and the 

wavelength of light.

Polarization of incident light can be divided in two orthogonal linear com

ponents, parallel (||, also referred as a ’transverse magnetic field’, TM) and 

perpendicular (_L, or ’transverse electric field’, ТЕ) in relation to the scat

tering plane. An arbitrary polarization state, including linear, circular and
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elliptical states, can be represented as a combination of these two. Light is 

taken to be parallelly polarized if its electric field vibrates in a plane including 

the directions of the incident and scattered light. Electric field oscillating per

pendicular to the plane of scattering is denoted perpendicularly polarized by 

a subindex _L. By considering continuity conditions of electromagnetic field, 

the electric field amplitude reflection and transmission coefficients, r and t, are

reached. They turn out from the Fresnel equations as:
2п\С08(в\)

^12J~ nicos(Øi) + n2cos(02) ’

2«i cos (öi)
n2cos(0i) + nicos(02) ’ 
niCOs(ß\) — n2cos(#2)

r\2.L = niCOs(6i) + n2cos(02) 
n2COs(0i) — niCOs(62) 

ri2" n2cos(0i) + niCOs(62) ’

and

(3.20)

(3.21)

(3.22)

(3.23)

where t12x is the transmission coefficient for ’x’ polarized (x being either l or r) 

light going from the substance ’V into the substance ’2’ and ri2x denotes the 

reflection coefficient in a similar fashion. в\ is the angle between the incoming

light and the surface normal and #2 respectively the angle of the transmitted 

ray. п\ and n2 are the refractive indices in media 1 and 2, respectively. The

refraction index, n — ^6r/ir is for crown glass 1.52, for flint glass 1.65, for 

quartz 1.51, for basalt 1.62 and for air practically always one as for the thin 

Martian C02 atmosphere. The refraction index n varies with the wavelength 

approximately as n — A + В/A2, where A and В are variables of material 

properties [AF83, Chapter 14]. For Gallium Arsenide the refraction index 

is 3.3 depending on the band gap, and for Silicon in a diamond lattice, n is 

3.44 [МКС03]. By swapping the indices 1 and 2, the transmission and reflection 

coefficients from substance ’2’ to T’ are reached.

Intensity reflectance and transmittance, R and T, can be acquired for both 

polarizations from the amplitude coefficients by squaring as

R = |n2l|2 and (3-24)

T=|(12l|2. (3.25)

For a normal incidence angle {6\ = 02 = 90°), both the parallel and the 

perpendicular polarization states acquire the same values for the transmission
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and reflection coefficients and Eqs. (3.25) turn into 

(ni - n2)2
R =

T =

(ni + n2)2 
4n2

and (3.26)

(3.27)(ni + n2)2'
For other incidence angles the fractional occurrence of different polarization 

states has to be taken into account.

Some of the energy transmitted from the atmosphere, here substance T’, into 

the cover slip, ’2’, reflects from the bottom surface and keeps on bouncing 

between the top and the bottom surfaces before finally getting into substance 

’3’. By introducing a phase difference and considering all the reflections, an 

infinite series results. It represents the total amplitude transfer coefficient from 

substance ’1’ to ’3’ through ’2’ in a plane parallel cover slip:

im — ¿12*23 rN„N AkL2 cos02(2JV+l) 
23'21e >

N=0
(3.28)

where L2 is the depth of the layer ’2’. The exponent term with the layer depth, 
eikb2 cos62) counts for the interference. As the term r23r2ie,2fcL2COS02 is always 

equal or smaller to one, series converges to

¿123 —
¿i2¿23eifcÍ2COse2

1 - r23r2iei2fc¿2 COSÖ2 (3.29)

In the same way it follows for the overall reflection

. . . „N+1„N AkL2cose2(2N+2)Г123 = П2 + ¿12¿21 2_^ r23 r21e
N=0

¿i2r23*2iei2fcL2CQse2
^2 1 — 7'237'2je*21ci.2 cos02

(3.30)

These expressions are valid for both the parallel, ||, and perpendicular, X, 

polarizations. [IkoOl]

In a similar manner, the transmission coefficient in the presence of a coating 

can be acquired by just adding another layer and summing again for all the 

possible paths:

¿1234 — ¿123*234 r234r321 ~ JTT
¿123*234

7V=0 ^234?~321
(3.31)
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By substituting transmission and reflection coefficients through a single slab 

from equations (3.30) and (3.29), and using the Snell’s law щ sin 0i = n2 sin 02, 

the total transmission coefficient as a function of the angle of incidence and 

material parameters, can be acquired.

3.7 Summary of Radiative Transfer

An average of 590 W/m2 of Solar flux Fs is incident on the top of the Martian 

atmosphere. Radiation reaching the solar panel has traveled through the at

mosphere, through a possible dust layer accumulated on the panel, and finally 

through a cover glass. In this Chapter first the basic radiative quantities were 

introduced in sec. 3.2. After this, the radiative transfer through the atmo

sphere, dust layer and solar panel were discussed. First two were dealt with 

the two-stream methods, sec. 3.4, by approximating them to be single homo

geneous slabs. Accuracy could be increased by using more streams or different 

two-stream models [КН86]. The cover slip transmittance was calculated from 

the Snell’s laws in sec. 3.6.



Chapter 4

Dust Transport Processes and 

Accumulation on Solar Panels

4.1 Introduction

As noted earlier, the Martian atmosphere is often quite dusty. There are 

various mechanisms which lift the dust off the surface. These include wind 

friction, saltation, and a possible surface impact of a larger body, such as a 

landing spacecraft or it’s unwinding solar panel petals.

In the following Chapters the dust area deposition rate, Rarea [m2/s], is dis

cussed. From that the optical depth growth rate, RT [1/s], is then extracted. 

This can be done by multiplying the deposition rate both by Qext and the back

ward scattered and absorbed fractional part of the radiation, (1 — ga)Psca + 

Pabs = (1 9a)Psco "h 1 Psca 1 QaPsca 1 9a^0-

T Vfi
Rt\ j] = Qexti. 1 ^09a)Rarea[ ]

sol s
3600s 24.6597h 

h sol
(4.1)

which for typical Martian dust with the values of ui о = 0.9, g = 0.75 and 

Qext = 2.5 yields

RrÇ-i] = 7.213 • 104 ■ Rarea. 
sol

(4.2)

After becoming airborne, a small dust particle may spend a considerable 

amount of time, even years, traveling through the atmosphere before reaching
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Figure 4.1: Dust deposition processes on Mars. Gravitational pull is dominant 

for the biggest particles of over 100 pm radius, diffusional deposition 

dominates for the smallest particles less than tenth of a micron, and 

inertial deposition is the dominant process in between.

the surface again. Deposition of dust on the Martian surface is mainly caused 

by gravitational (Stokes, Chapter 4.5), turbulent (sec. 4.8), and diffusive (sec. 

4.7) processes. These processes are illustrated in Fig. 4.1. There are also other 

phenomena affecting the deposition velocity of a particle to the ground, e.g. 

the natural convection (sec. 4.9) and the electrostatic (sec. 5.5) forces, but 

these processes are not shown in Fig. 4.1. To get some idea of the particle 

flux on the surface, the mechanisms of a particle traveling through the atmo

sphere are to be examined first; this is done in the following Chapters, where 

some fundamental laws governing the particle motion are reviewed. First, the 

concept of viscosity, the Reynolds number (sec. 4.2), and the Stokes number 

(sec. 4.3) are introduced. In sec. 4.4 a special solution to the Navier-Stokes 

equation, the Stokes solution, is reviewed. This solution, called the Stokes law, 

then leads into solving the gravitational, or Stokes, terminal velocity (sec. 4.5)
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and the gravitational sedimentation (4.6). Total particle deposition velocity 

used in this work is compiled in Chapter 4.10 from gravitational, diffusional 

and inertial deposition velocity components.

4.2 Fluid Flow Characterization

A fluid flow is characterized by its mass density p [kg/m3], velocity v [m/s] 

and viscosity 77 [kg/ms]. Viscosity 77 provides a measure of how resistive the 

fluid is, thus acting analogously to friction as a measure of mass resistance 

to forces. Also called dynamic viscosity, 77 [kg/ms] can be thought of as a 

proportionality constant for a force needed to move one flat plate, of area A, 

parallel to the other similar one at a distance l with a velocity v,

„ Av
F=rn- (4.3)

The viscosity of the Martian atmosphere is around 1.21 • 10-5 kg/ms, which is 

the viscosity of CO2 in a typical Martian temperature of 210K. On the warm 

days, when also the Martian temperature might reach 300K, the viscosity 

raises 24 % up to 1.5 • 10-5 kg/ms [Lid94].

Also often used is the notation of kinematic viscosity и [m2/s],

v = ?~. (4.4)
Pa

In other words, the kinematic viscosity is the dynamical (or absolute) viscosity 

divided by the density of the gas [PK97, Hin82], pg, and in a way it describes 

the diffusion of momentum. Martian atmospheric surface density is about 

0.02 kg/m3 [KinOl] and thus a typical value for the kinematic viscosity is 

и = 60.5 • IO“5 m2/s.

The Reynolds number is a dimensionless parameter that characterizes the fluid 

flow. It is defined as a ratio of inertial forces to frictional forces and, as such, 

provides hints for choosing the right flow resistance equations for any given 

case,

pgvd _ vd
Ite — — Vv

(4.5)
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Eq. (4.5) shows the Reynolds number as a function of the gas density pg, 

the velocity of the flow with respect to the particle, v, the particle diameter, 

d — 2r, and the flow viscosity г/ [РК97].

The Reynolds number for Mars is not necessarily smaller than one, which 

would be the requirement for using the Stokes law, thus some modifications to 

the Stokes law are needed and some indeed will be provided later in sec. 4.4.

4.3 Particle Dynamics Characterization

The Stokes number is a dimensionless parameter, which is used to characterize 

particle dynamics. It is defined as a ratio of the stopping distance of the 

particle to the characteristic length of the obstacle cross sectional area,

Stk = (4.6)
dc

where rt is a particle relaxation time, describing the time required for the 

particle to adjust itself to the surrounding forces [Hin98, sec. 5.1], v is again the 

undisturbed flow velocity, and dc the characteristic dimension of the obstacle.

If the Stokes number is much greater than one, a particle in a turning flow 

continues straight ahead regardless of the direction of the flow motion. It 

would follow the streamlines, were the Stokes number is much less than one.

When both the Reynolds and the Stokes numbers are the same for two differ

ent flows in the same flow geometry, then also the behavior of both flows is 

similar. [Hin98, sec. 5.4] [Hei91, sec. 8.10] This makes the testing with scale 

models viable.

4.4 Forces Resisting Falling Particle

To estimate a flux of particles falling on a surface, two things must be known. 

First, the density and size distribution of the particles and second the velocity 

with which these particles traverse the air towards the surface. In this section, 

the second of these requirements is discussed, namely the forces that resist the 

particle motion (Stokes law).
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The Stokes law is a solution to the Navier-Stokes equation,

(4.7)

where g is the local gravitational acceleration, and и the kinematic viscosity 

discussed earlier in Chapter 4.2.

The Stokes solution is obtained by assuming a small Reynolds number (when 

inertial forces are negligible compared to the viscous ones), an incompressible 

fluid, no nearby walls, and a rigid spherical particle. It gives the total resisting 

force due to the surrounding medium as

(4.8)Fd = 3nr]vd.

The gravitational drift velocity of the particle correspond to a balance between 

the resistive and the gravitational forces. This ’Stokes velocity’ is further 

discussed in the next sec. 4.5. The Stokes law, Eq. 4.8, can be corrected to 

more accurately describe the actual particle behavior by inserting corrective 

terms x and Cc as

Snrjvdx (4.9)Fd Cc

where Cc is the Cunningham correction factor, and x is called the dynamic 

shape factor, experimentally determined to correct the assumption of a per

fectly spherical particle. The Cunningham factor Cc is an experimental cor

rection accounting for the ’slipping’ of the small (< 1/xm) particles through 

surrounding air molecules, so it is always greater than one. Because of that a 

perfect sphere usually falls faster than other irregular shapes. Values for the 

dynamic shape factor also usually are greater than unity.

The Cunningham factor, Cc, can be presented as

(4.10)

where Л/ is a mean free path of the particle [Hei91, Chapter 8]. However, 

note that the multipliers 2.514, 0.8 and 0.55 in Eq. (4.10) are functions of the 

characteristics of the particle and the surrounding medium [РК97].
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The mean free path, А/, for air in the standard conditions on Earth is 0.066 дш. 

The value for Л/ is inversely proportional to the number density of the molecules 

(pressure), therefore it can be approximated in Mars by Ayars ~ 0.066/лпТЬаг/6 

mbar = 11/im. On slightly more detail, if it is in the spirit of the kinetic gas 

theory assumed that the mean free path is directly proportional to the viscos

ity 77, square root dependent on the temperature T, and inverse square root 

dependent on the molecular mean mass M, as well as inversely dependent on 

the pressure p, it follows that [FS88, eq 5.10]:

НГм

^Mars — ^Earth
VMars/VEarth / ^Mars föEarth

— 0.066/Ш1

PM ars/P Earth у MД/ ar s /Earth

1.21 ■ 10-»jl/1.8 ■ lO-sjl

6 mbar/1 bar

(4.11)

210K/288K = 5.16/xm,V «.34¿/28.97¿ 

where the values are taken from the literature [KJS92, KinOl, FS88].

As the mean free path for the Martian conditions is over hundred times larger 

than for the Earth standard conditions, the Cunningham constant has a very 

powerful effect on the small Martian particles. Specifically, while a 1/xm par

ticle would have Cc « 1.2 on Earth, on Mars it would have Cc ~ 17.7. 

This, together with differing elasticity, results in a ratio of resistive forces, 

Fd (Eq. (4.9)), of FdMars/FdEarth = PM ars / Earth ' CcEarth/CcMars 1.21
10~5|f|/1.8 • 10_5|§ • 1.2/17.7 = 0.046. This means that a one micron parti

cle on Mars would face less than 5% of the resistive forces compared to those 

faced by a similar particle on Earth.

The Stokes law, Eq. (4.9), is valid for only small (< 0.1) Reynolds numbers 

(Eq. 4.5). This condition can be relaxed by introducing an empirical drag 

coefficient Cd to account for the previously neglected inertial effects. The 

drag force for bigger particles can be expressed as

Fd — CoA-pg—, (4-12)

where A is the cross-sectional area of the particle. Eq. (4.12) is identical to
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the Stokes law, Eq. (4.8), with Cd = 24¡Re. For 2 < Re < 500, the drag 

coefficient takes the form [Hin98, FS88]:

CD = -^(1 + O.ISfie0'0687). (4.13)
Re

As an example for Re = 200, the drag is increased by a factor of 6.7.

4.5 Stokes Terminal Velocity

Small dust particles, having small inertia, quickly reach a terminal velocity, 

at which the gravitational force (mg) and the drag forces balance out. For 

Re < 0.1, drag forces can be described with the Stokes law, Eq. (4.9). This 

can be equated with the gravitation to produce an expression for the terminal 

velocity:

p = (Pp - = Зтгrjvdx = p (4 14)
9 6 Cc

The velocity v can then be solved and designated as Uoo, the terminal velocity:

= ppd2gCc (4.15)

where the density of the gas, pg, has been assumed to be much smaller than 

the density of the particle, pp, so that it can be neglected [PK97, Hin82]. For 

the Reynolds number calculated using the Stokes velocity, the requirement of 

Re < 0.1 is violated already for particles larger than 0.4 pm in diameter.

For bigger particles, Eq. (4.12) equated with gravity yields

_ / Ppd3gn
иооыдн урдЗАСо- (4.16)

and as A oc d2, is U^igR oc \fd for very big particles (Re > 500) for which Cd 

is a constant (of about 0.44). Application of the drag coefficient, Eq. (4.13), 

iteratively with Eqs. (4.5) and (4.12) produces a significant decrease in the 

deposition velocity from the size 1 pm upwards.
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particle size in microns

Figure 4.2: Stokes Deposition Velocity from Eq. (4.15), with Ay = 5.16 /mi, pp — 
2200 kg/m3, Tj = 1.21 • 1СГ5 kg/ms, and form factor x = 1-36.

4.6 Sedimentation

Sedimentation is the simplest and most obvious of all deposition mechanisms. 

It is due to the gravitational fallout of aerosol particles. The accumulation 

rate R [number of particles/soi/m2], is given by

R = Ud-C (4.17)

where Uq is the deposition velocity and C [#/m3] is the aerosol concentra

tion [DLE88].

If particles are small and spherical, Ud can be set equal to the Stokes terminal 

velocity Uoo- When the aerosol concentration C, size distribution nr, and the 

mass mp arre known, mass flux can be calculated as a function of the particle
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radius:

(4.18)

As an example, by substituting the Cunningham factor, Eq. (4.10), with 

А/ = 5.16/mi (Eq. (4.11)), the normal distribution from Eq. (2.4) and by 

assuming the dynamic shape factor 1.3 [TDL+99], surface gravity of 3.69 m/s2 

and particle density of 2200 kg/m3, it can be integrated numerically over the 

particle radius to get the sedimentation rate. In general, the accumulation 

rate of any quantity is given by

(4.19)

where Vdep0 is the total deposition velocity and X the quantity, which depo

sition rate is to be calculated. For example, in the case of the cross-sectional 

area accumulation, X equals тгг2.

4.7 Diffusion

4.7.1 Basic Features and Brownian Motion

Diffusion is a process of substance mixing or spreading due to a random mo

tion. Put in another way, diffusion is the net simultaneous random motion of 

individual dust particles. In this Chapter a closer look is taken at the random 

Brownian motion.

Brownian motion results from random collisions between particles and molecules 

in the surrounding air. The movement caused by the Brownian motion can be 

described by the so-called Einstein relation in terms of the Brownian diffusion 

coefficient Db [m2/s] as

(4.20)Db — kT ■ B,

where В is the mobility of the particle, T the absolute temperature and fcthe 

Botzmann’s constant. The mobility of a particle, B, is defined as

(4.21)
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ю"2 101 10° 101 ю2
Particle radius in micro meters

Figure 4.3: Diffusivity, Eq. (4.22), as a function of particle radius for atmospheric 
mean free path of 1 (blue), 10 (green), 100 (red) and 1000 (dashed 
black) microns. The bigger the mean free path, the bigger the dif
fusivity. Note the dramatic increase of diffusivity as the particle size 
decreases (scales are logarithmic).

where Cc is the Cunningham correction factor described in Eq. (4.10), r] the 

viscosity and r the particle radius. [FS88] [Hin82, Chapter 7]

By substituting Eq. (4.21) into Eq. (4.20), the diffusion coefficient turns out 

as

Db — kT- (4.22)
07ГГ/Г

This diffusion coefficient, or diffusivity, is plotted in Fig. 4.3 for various values 

of the atmospheric mean free path, Л/, and average Martian temperature of 

210K [KJS92],
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4.7.2 Pick’s First Law

Aerosol particles suffer continuous bombardment by surrounding air molecules. 

A particle is pushed around randomly resulting in a net movement of aerosols 

towards regions of lower concentration. This movement, called diffusion, is 

described by the Pick’s first law, which states that the particle flux J travel

ing through a unit cross section is related to the concentration gradient by a 

diffusion coefficient, D [AV99]:

J = -DVn. (4.23)

As an example, assume that the atmospheric dust is distributed in altitude 

following an exponential distribution, n = n0e~z/Hd, where Hd is the dust 

scale height. In this case, by differentiating and setting z to zero, the upward 

diffused flux jup just above the surface is given by 

Dn0
Jup Hd

(4.24)

Combining the Pick’s first law with the sedimentation (Chapter 4.6) the com

bined particle transfer rate to the surface, jdown, is given by

= c^ + U„C. (4.25)

Here 2 is the unit vector in the direction of the surface normal, Uoo is the 

terminal velocity, and C the particle concentration [Fri77]. Integrating the 

flux in Eq. (4.25) over all particle sizes, it follows, similarly to Eq. (4.18) that 

the mass flux to the surface is

R = /(D^ + {700C)mpnrdr. (4.26)

Diffusion deposition velocity Vdd can also be evaluated from an experimental 

formula,

Vdd = V*V+ = У* • 0.084 Sc'0'667, (4.27)

where is the dimensionless diffusional deposition velocity and Sc is the 

Schmidt number Sc = r¡/pg/D [NJOOl]. V* is the friction velocity describing 

the profile of the wind flow near the surface, 
kvw

b(£i±£0)’ (4.28)
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where kv is the Karman constant (typically kv — 0.4) and w is the wind speed 

measured at the height Zh from the surface with a roughness length of z0. For 

Zh — 1 m and wind speed of 10 m/s, V* reaches the value of 0.4343 m/s for 

zq - 0.01 cm, 0.5790 m/s for z0 = 0.1 cm, and V* = 0.8667 m/s for z0 - 1 cm. 

From these numbers and from the direct connection of depositional diffusion 

and inertial (sec. 4.8) velocity to the friction velocity, it can be seen that as 

the dust accumulates on the smooth solar panel surface, making it rougher, z0 

and thus also the depositional velocity increase.

4.7.3 Pick’s Second Law

By demanding continuity of the Pick’s first law, Eq. (4.23), in a form dn/dt = 

—V • J, one obtains Pick’s second law

$ = DV2 ■ n, (4.29)
at

from which dn/dx can be resolved with suitable boundary conditions. [AV99]

As an example, assume that all the particles reaching the surface stick to it 

and that their density is originally n0 everywhere above surface. Then the 

cumulative number of the deposited particles is obtained from

[Hin82, Chapter 7] [PK97, Chapter 11.1-2]

4.8 Turbulent Deposition

Turbulent deposition occurs when the wind flow is not laminar. Particles follow 

wind streamlines the best they can. Medium sized particles, which are too 

heavy to follow the wind and too light to be effectively forced towards ground 

by gravity, are thrown around by wind and subject to turbulent deposition.

Dimensionless inertial deposition velocity can be fitted with [NJO01]

y+ _ де-0.5[(Де-ЛУ/зР + Де-0.5[(ln(T+)-ln(ft))/M2 '

2по|т)
1/2

(4.30)

(4.31)
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where empirical coefficients are /1 = 0.024175, /2 = 40300, /3 = 3833.25, 

/4 = 1.4911534, /5 = 18 and /6 = 1.7, and the dimensionless relaxation time 

rt+ is defined as

+ = (4.32)
1 v

The inertial deposition velocity is then achieved by multiplying the dimension

less velocity with the friction velocity (V* = , see Eq. (4.28)).

4.9 Natural Convection

When a surface has a different temperature than the surrounding air mass, 

natural convection takes place. In the absence of a prevailing wind, a particle 

in a gas experiences a force in the direction of a decreasing gas temperature. 

The bigger the temperature difference, the larger the thermophoretic force. 

When the diameter d of the particle is smaller than the gas mean free path 

Agas, this force can be described by [Hin82, Chapter 8]

—pAd2VTg
*t)l rr (4.33)

where Tp is the absolute temperature of the particle and VTg is the temperature 

gradient of the gas. If the previous assumption from Chapter 4.4 holds, and 

the mean free path in the Martian atmosphere is about 5 pm, this equation 

can be used in modeling the thermophoretic force on fine grained Martian dust 

particles for the average Martian particles are smaller than this (see sec. 2.1). 

For bigger particles thermophoretic mechanisms are more complex and require 

the inner temperature of the particle to be taken into account. [FriOO, Hin82]

The velocity due to thermophoresis for small particles, d < Xgas, is independent 

of size and follows from [Hin82, Chapter 8]:

_ —0.55 r/VTg 
PgTp

(4.34)

For the Martian conditions v = rj/pg = 60.5 • 10 5 m2/s (see sec. 4.2) and 

thus Vth = 33.3 • IO“5 VTg/Tp m2/s.
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Local solar time (hours)

Figure 4.4: The diurnal variation of the atmospheric temperature measured by the 
top (red, 100 cm above the lander solar panes), middle (black, 50 cm), 
and bottom (blue, 25 cm) Pathfinder ASI/MET mast thermocouples 

starting from 06:00 LST on sol 25 of the Pathfinder mission. [SBC+97]

The Martian atmosphere is very thin and thus does not hold or transport much 

heat. Due to this, the surface temperature is mostly governed by the radia

tive heating of the Sun and the radiative cooling. Pathfinder operated three 

temperature sensors 0.25, 0.5 and 1 meter from its solar panels. Those panels 

were themselves about 0.4 meter from the surface of Mars. The temperature 

oscillated diurnally by about 60° and the instant temperature difference be

tween the sensors varied between 0° and 20°, being typically in midday about 

8° between the lowest and the highest values corresponding to a temperature 

gradient of ПК/m. The mutual temperature differences between the three 

Pathfinder temperature sensors from one sol of the Pathfinder mission are 

shown in Fig. 4.4, taken from [SBC+97]. During the daytime it was warmest 

near the surface but this situation reversed for the night as the surface cooled 

more effectively than the air mass above it. Thus the temperature varied more 

near the surface and much less at height. [SBC+97]

As the temperature cycles of the surface and the atmosphere are only loosely
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linked, the gradient between the surface and the atmosphere can reach even 

higher values than those depicted above. Especially during the daytime, when 

the Sun warms the solar panels, considerable temperature gradients can be 

expected. For a small dust particle with a typical temperature of 210K, and 
a gradient of 20K/m, the thermal velocity would be Vth = 3.17 • 10-5 m/s. 

This would be vanishingly small in comparison with the depositional velocities 

(Fig. 4.5). For a larger gradient of 100K/m the Vth would reach a value 1.59 • 

10~4 m/s. This would be capable of severely hindering or altogether preventing 

(yth > Vd) the deposition of particles with sizes between 0.01 and 0.1 microns. 

Particles bigger than this obey gravity and the smallest sneak down to the 

surface by diffusive processes. When any wind is present, the thermophoretic 

effect is greatly reduced as the inertial deposition becomes dominant for the 

middle sized particles.

4.10 Summary of Accumulation Processes

In this Chapter, the sum of the gravitational (sec. 4.5), inertial (sec. 4.8) 

and diffusive (sec. 4.7) fall velocities are used to estimate the total deposition 

velocity as

Vdepo = u00 + V\V+ + V+), (4.35)

where U00 is the Stokes velocity from Eq. (4.15), V* the friction velocity 

Eq. (4.28), Vfá the dimensionless diffusional velocity from Eq. (4.27) and 

the dimensionless inertial velocity described by Eq. (4.31).

Fig. 4.5 shows the total deposition velocity for three different wind velocities 

(10, 20, and 30 m/s), and individual components of Eq. (4.35) for the wind 

speed of 10 m/s. Note the strong influence of wind speed on the deposition ve

locity of the medium sized particles (0.05 - 5 ¿un) due to the inertial processes. 

When compared to the previously (sec 4.6) discussed baseline case, with only 

the gravitational deposition taken into account (blue line in Fig. 4.5), it can 

be seen that the sedimentation approximation is good only for particles bigger 

than 100 /mi, or for completely still and serene atmosphere.
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particle radius in microns

Figure 4.5: Diffusional (black, Eq. (4.27)), inertial (red, Eq. (4.31)) and gravita
tional (blue, Eq. (4.15)) deposition velocities (m/s) for the wind speed 
of 10 m/s and the total depositional velocity (green, Eq. (4.35)) for 
the wind speeds of 10 (dashed green), 20 and 30 m/s, as a function of 

particle radius (yum).

Fig. 4.6 shows the deposition velocity (Fig. 4.5, Eq. 4.35) integrated over the 

standard size distribution (sec. 2.1) to produce mass [kg/s], cross-sectional 

area [m2/s], and number [1/s] deposition as a function of wind speed. Number 

and mass deposition rates are scaled, with 10_n and 102 respectively, to fit the 

same graph with the area deposition rate. There are two different sets of curves 

corresponding to the two experimentally acquired limits for the particle cross 

sectionally weighted variance. The upper set of curves corresponds to b — 0.2 

and the lower one to b = 0.49. The higher value for b is chosen to be slightly 

smaller than the experimental maximum because standard distribution does 

not behave well at b = 0.5.

One can see that the depositional rate varies almost two orders of magnitude
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b = 0.2

b = 0.49

Figure 4.6: number (10-11/s, blue), cross-sectional area (m2/s, red) and mass 
(102 kg/s, black) deposition, Eq. (4.19), as a function of wind speed 
for a standard particle size distribution with variance b = 0.2 and 
b = 0.49. Note the different scaling for mass and number deposition.

between the observed variance range. Also, heavy storm winds (40 m/s) mag

nify the depositional rate by roughly three orders of magnitude. It has to be 

noted however, that such a high winds also remove particles. This is not taken 

into account in this plot. In this work the concentration lies on the low wind, 

low deposition rate end of this spectrum, because it best corresponds to the 

actual measured data, which indicates wind speeds under 10 m/s, and an ini

tial obscuration rate between 0.4 and 0.5 unit% (or 0.04 and 0.05, respectively) 

per sol [СРЕ03].

The optical depth growth rate is acquired by applying Eq. (4.2) in Eq. (4.19), 
i.e. by multiplying the area depositional rate by 7.2130 -104 т/sol-s/m2. The 

optical growth rates for b = 0.2 (black line) and b = 0.49 (blue line) are plotted 

on Fig. 4.7 as a function of wind speed.
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wind m/s

Figure 4.7: Optical depth growth rate, Eq. (4.2), as a function of wind speed 
for a standard particle size distribution with variance 0.2 (upper line, 
black) and 0.49 (lower line, blue), and a = 1.6.

As integrations for Fig. 4.6 are made numerically, the integrals cannot extend 

over the entire range from zero to infinity. It is also practical not to integrate 

unnecessarily far, so that computer time consumption can be minimized. In 

Fig. 4.8, a point in Fig. 4.6 has been analyzed more closely. This point is 

the area deposition with b = 0.49 (solid red line) at wind speed of 10 m/s. 

Resulting area deposition rate is plotted as a function of the integration upper 

(blue), and lower (red) limits. It can be seen that most of the deposition 

happens due to the particle sizes between 0.01 and 20 microns.
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integration upper (blue) and lower (red) limits in microns

Figure 4.8: Area deposition rate from Eq. (4.2), plotted as a function of the in
tegration upper (blue), and lower (red) limits. Standard distribution 
with a = 1.6, and b = 0.49 is used with wind speed of 10 m/s It can 
be seen that most of the deposition happens due to the particle sizes 
of 0.01 and 20 microns.



Chapter 5

Particle - Surface Interactions

5.1 Introduction

Whether a particle will stick to a surface or move away from it is a key question 

when analyzing the dust cover development on a solar panel surface. Especially 

so, when the solar panel in question lies on the dusty Martian surface outside 

the reach of maintenance capabilities. In this Chapter, the nature of layer 

formation is first reviewed in sections 5.2 and 5.3, after which several adhesion 

(sec. 5.4) processes are discussed in sections 5.6 - 5.9. Before summarizing in 

sec. 5.13, the processes involving wind (secs. 5.10 - 5.9) are elaborated.

5.2 Layering

Earth based measurements have indicated that aerosol particles accumulating 

on the surface form three layers differing in the force required to lift a particle 

from the layer. Strong chemical bonding and cementation processes, when 

available, produce a strongly adhered layer close to the surface. This layer will 

not come off by turning the panel upside down as the adhesion forces easily 

overcome the gravity. Light obscuration due to this strongly bound layer is 

usually much less than 4% over a period of two years on Earth. [Cud88]

Moore loosely held layer will form on top of either the cemented layer or di

rectly on the surface. This layer is more weakly bonded and its bond strength
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has shown to be material-independent but tilt dependent. This leads to a vary

ing layer depth which is heavily dependent on the environmental conditions 

like the wind speed and the wind attack angle. [Cud88]

Mars doesn’t have as many cementation or chemical bonding agents (mainly 

water) as Earth does. Thus in this work the main interest falls on the more 

loosely tied layer that forms on top of the strongly adhered layer although other 

adhesion forces can increase to overcome the wind forces on dry surfaces. This 

might suggest that on Mars a heavily adhered layer could form adjacent to the 

glass panel. This process might be one way to physically explain why a drop on 

dust accumulation rates occurred on the Mars Pathfinder (sec. 1.3) after about 

20 sols: a strongly adhered layer would form during the first 20 sols. While 

it forms, it would not resuspend significantly. After the strongly bond layer 

has formed, a more loosely held layer growing on top of it becomes vulnerable 

to wind and diffusion forces, and resuspends on a steady basis resulting in a 

more restricted net growth of the dust layer.

A similar effect could also be attained with surface roughness, as the glass 

surface of a solar panel is very smooth. With a small dust load, the sur

face roughness increases, thus also increasing the dust accumulation rate via 

Eq. (4.28). When a certain dust level is reached, the surface roughness will 

not rise any further and the dust accumulation rate ceases to increase.

5.3 Packing Arrangement

Aerosols come in different shapes and sizes. When a layer of dust particles 

forms on a surface, several mechanisms take place. The smallest particles are 

attached to the bigger ones by adhesion forces or find their way to the bottom 

to fill empty spaces. Biggest particles can displace smaller ones on surface 

impact, and make room for themselves. Wind affects the topmost particle 

layers forcing them to roll into local potential minimums or carrying them off 

all together.

It is important to understand these processes and their outcome to study the 

resulting packing arrangements and their stabilities. The packing arrangement
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of the dust affects the dust layer surface properties, texture, and the cohesion 

forces as well as the transmittance and the vulnerability to wind erosion. The 

packing arrangement also affects the radiative transfer characteristics of the 

dust layer depending whether the layer is packed loosely or tightly, randomly 

or in a more organized manner. [Dur97]

5.4 Adhesion

Particles adhere to surfaces by a combination of physical and chemical forces. 

In this work, the adhesion produced via van der Waals and electrostatic 
forces has the biggest effect. Adhesion forces are in the range of 10-10 to 

10-3 N per particle, leading to a tremendous force per unit area of up to 

104 N/cm2. [Bow88]

The Van der Waals forces are proportional to d/x2 whereas the electrostatic 

forces to d/x, where x is the distance between surfaces and d is the particle di

ameter [ShaOO]. For small particles, adhesion overwhelms other forces (gravity, 

wind). Removal forces due to acceleration (vibration, and gravity), are pro

portional to d3 [volume, mass]. Wind forces scale with the cross-sectional area 

d2 so that the detachment of the particles becomes more difficult as the size 

decreases. [Hin82, Chapter 6.2] [КЫ88, page 26]

Moisture produces a dramatic increase in the adhesion forces of particles to the 

surface through the cementation and the capillary attraction effects [Cud88, 

WN88]. Because moisture is not common within the current Martian surface 

environment, these agents are neglected in this work.

5.5 Electric Forces on Particles

Electrostatic forces dominate for very small particles, contributing up to 90% 

of the adhesion forces for particles sized around 0.1 pm [КЫ88]. Two types 

of electrostatic forces are considered here: electrical double layer (sec. 5.9) 

and image forces (sec. 5.8). Van der Waals forces are reviewed in sec. 5.6. 

For particles of size 0.2 - 0.4 pm on a flat surface, the van der Waals forces



5.6 Van der Waals Forces and Surface Deformation 49

dominates over the electrical double layer forces (sec. 5.9), which dominate over 

the image forces (sec. 5.8) [Bow88]. Finally, all of the above-mentioned forces 

dominate over gravity. When the dust accumulates though, these relations can 

change for the topmost particles as the adhesion distance for van der Waals 

force (sec. 5.6) increases, reducing the effect of that force.

The interaction between two charged particles cannot always be treated by 

assuming two point charges. This dipole approximation only holds when the 

particles are far enough apart from each other to have an almost homogeneous 

surface charge distribution. Two conducting unipolar spheres having different 

charge surface densities attract each other in a very close separation ranges, 

contrasted to over all long-range repulsion. This happens due to continuous 

charge density re-distribution on both particles in response to changing poten

tial as a function of the separation distance. [WK01]

Thus also the real Martian dust, with polydispersity in size, charge and form 

of the interacting particles, may under certain conditions practice attractive 

behavior between two unipolarly charged aerosol particles. This in turn may 

lead to significant factors in estimating coagulation rates of the particles. En

hanced coagulation rates mean different size distribution and thus different 

surface depositional and removal rates.

Electricity could also be made to work to counter attack the dust layer ad

hesion. Once adhered to the surface, dust could be removed by applying an 

electric field to repel the particles off the surface, so that wind could take them 

away. [CWM88]

5.6 Van der Waals Forces and Surface Defor

mation

Van der Waals forces include dipole forces of polarized atoms and nonpolar 

instantaneous attractive forces referred to as the London-van der Waals forces. 

The Van der Waals force between a spherical particle and a flat surface can
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be approximated as

p _ _FvdW 8vrz2 (5.1)

where r is the particle radius and h is a constant depending on the materials 

involved, h is typically between 0.6 and 0.9 eV, e.g. for Si (glass is basically 

Si02) it is about 0.7 eV [Bow88], In Eq. (5.1) z is the adhesion distance which 

typically is z ~ 4 nm for smooth surfaces [Hin82].

As the adhesion forces range up to 104 N/cm2, it is plausible that the particle 

and surface material will deform, depending on the material hardness. The 

additional force due to deformation can be described by

FvdW de for mation
ZlK2
8^

(5.2)

where к is the adhesion contact area radius of the now non-spherical particle. 

Then, the total force will be

FvdWtotal — KdW "b FudWdeformation- (5.3)

For a slightest deformation (about 1%), the original van der Waals force can 

easily be overshadowed by the deformational part. [Bow88]

5.7 Particle Charging

There are various mechanisms for charging the atmospheric particles. Surface, 

material and surrounding media characteristics affect the amount of charge 

that develops on a particle. Triboelectric charging, resulting from a dry and 

frictional contacts between particles in a relative motion with each other, is 

presumably very effective for the Martian particles often on the move in the 

dry atmosphere. Also, UV-radiation might be effectively helping in ionizing 

the atmospheric molecules [Gra95]. Ions then stick to particles thus increasing 

their charge. This process is known as diffusion charging.

Because air (on Earth at least) contains about equal numbers of positive and 

negative ions (about 103/cm3 [Hin82]), particles will get charged according to 

the normal distribution by colliding with these ions. This method, being ever
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present, provides a minimum charge amounts for aerosol particles given by 

Boltzman distribution as follows:

e-KEn2el/2rkT (5.4)

where /„ gives the fraction of particles with size r, having a charge nee. 

The charge of an electron is ee = 1.602 • 10~19 C. Ke = (4тгб)-1 = 9.0 • 

109 e^NnvyC2 is the proportionality constant, where e0 is the permittivity 

of the free space, er is the dielectric constant of the air between particle and 

surface, к is the Boltzman constant and T the absolute temperature.

An empirical approximation has been developed for the average number of 

charges, ñ, as a function of the particle diameter d in pm [Hin82, Chapter 15.7]:

“ 2.37 Vd = 3.35 y/r. (5.5)

Hence, a particle with a radius 0.8 pnri would have three charges on average, 

if no other charging mechanism would be in action.

As charge gathers on a particle, the field on the particle surface will at some 

point exceed the limit for spontaneous electron emission. From this phenomena 

we can deduce the maximum charge for a spherical particle as follows:

where ee is the electron charge and EL the required emission surface field 

strength. El is 9 • 106 V/cm for electrons and 21 • 107 V/cm for positive 

particles. For a negatively charged particle with a radius r — 0.2 pm, nmax 
would still be 6250. For a particle of radius r — 100 pm, nmax ~ 1.6 • 109. 

Thus the field emission will probably not be a limiting mechanism especially 

since a real non-spherical particles have more surface area and thus can hold 

even more charge. [Hin98, page 333]

5.8 Image Forces

Excess charges on both the particle and the surface produce an electrostatic 

image force, which is given by

eimage 4 er€0/2 ’
(5.7)
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where q — nee is the charge and l the distance between charge centers. In 

the literature l has been approximately set to be 2r [Bow88] but also l — z is 

reasonable for a conducting material. [FR88]

For a particle of one micron radius, r = 1/rm, assuming charge amount ac

cording to Eq. 5.5, and a typical adhesion distance of z = 4 nm, a force of the 

order of 10-10 N is developed between the particle and the surface.

5.9 Electrical Double Layer Force

Two materials in contact exchange electrons to balance the Fermi levels so 

that an electron flux, i.e. current, balance is achieved. This process results in 

a contact potential, typically less than 0.5 V, which sets up a so-called double 

layer charge region [Atk99]. For a spherical particle on a surface, this force is 

expressed as

7TCo i~U2
elayer (5.8)

where U is the developed potential [Bow88].

As an example, if U - 0.5 and z = 4nm, for a particle of radius r = 1/rm 

the electrical double layer force would amount to 2 • 10-5 N. For the same 

particle the image force was in the previous section calculated to be then 

order of magnitudes smaller. However, both of these forces easily overcome 

the gravity, which only amounts to 3 • 10~14 N for a particle with r — l/лп on 

Mars.

5.10 Wind

Wind is a poor removal agent for small, micron sized particles [Cud88]. How

ever, since there is no rain, wind still is a considerable removal mechanism 

for the surface dust. Also, as pointed out on Chapter 4.10, wind actually has 

a strong effect on the deposition rate and carries particles producing more 

powerful removal processes via saltation.
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The landed spacecraft and its solar panels, masts and used airbags will also 

themselves affect the wind conditions by shadowing, redirecting and channel

ing the flow in the near vicinity. Structures of the spacecraft form tunnels 

and gorges, which force the flow on to smaller volumes, increasing local wind 

speeds. Right before, after and in the near vicinity of such gorges, highly tur

bulent swirls occur causing regions with reduced wind speed. As wind speed 

and turbulence both affect the accumulation and resuspension of the particles, 

this is a subject that needs to be accounted for.

5.10.1 Wind Erosion Threshold Friction Velocity

In addition to the accumulation, dust on the surface can be knocked off by 

infalling bigger particles (saltation) or levitated by wind. The wind erosion 

threshold friction velocity, V*t gives the wind friction speed, below which no 
wind erosion occurs. Experimental data has shown the dependence on у/d for 

larger grain sizes ( > 100/лп) and a rapid increase for the smaller ones due 

to the interparticle cohesion. In Fig. 5.1, the V*t is plotted from a formula 

presented by Shao and Lu as [ShaOO]

(5.9)

where and B*t are variables with values ~ 0.0123 and ~ 3 • 10-4, respec

tively. With these values the minimum wind erosion threshold friction velocity 

of 1.39 m/s, corresponding to a wind velocity of 24 m/s, is reached for the par

ticles of radius r = 96 /лn. If the size distribution of the deposited dust would 

be the same as for the atmospheric dust with the modal radius less than a 

micron (see sec. 2.1), the wind erosion would be negligible. However, coag

ulation of smaller particles into bigger ones is most certain to occur. These 

bigger particles are more vulnerable to wind erosion as seen from Fig. 5.1. 

Moreover, occasional wind gusts are assumed to raise the wind speeds above 

the minimum of 24 m/s from time to time. In addition, the adhesion forces 

holding the particle to the surface are more loose the bigger the layer, thus 

facilitating wind erosion as the time goes on. The effect of removal rate was 

also studied on some of the model test cases by adding a small removal term
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radius in microns

Figure 5.1: Wind erosion threshold velocity as a function of particle size for nom
inal 6 mbar atmospheric pressure. Minimum of 1.39 m/s, correspond
ing to a free stream wind velocity of 24 m/s, occurs for the particle 
radius 96 /mi. Also included are lines showing the erosion threshold 
velocity if variables A*t (red) and B,t (black) in Eq. (5.9) are varied 

up (dotted) or down (slashed) by a factor of ten.

of less than 1%/sol (sec. 7.3).

5.11 Saltation

At the end of their journey through the Martian atmosphere, particles meet 

the surface. Depending on their air velocity and inertia, collision with the 

surface might be a peaceful settling event or a violent impact. As seen on 

Fig. 4.5, bigger particles generally fall faster, have bigger momentum and thus 

make a heavier impact. This basic rule can be varied by air-flows and shape of 

the particle, which can either accelerate as well as brake the particle fall rate.
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Process of dust entrainment into the atmosphere, which results from the bigger 

particles colliding on the surface, is called saltation. Saltation occurs when 

there are bigger particles upwind of dust areas. Wind picks up the bigger 

particles and makes them to collide on the downwind dust bead, giving the 

small dust sized particles the energy needed to get free from the adhesive forces 

of the surface. Simulation shows though, that when the soil is a mixture of 

both big and small particles, saltation is not very significant [Gre02], Effects 

of saltation will also be somewhat diminished for rovers and spacecraft which 

have their solar panels held at somewhat elevated positions from the surface.

Bigger particles (> 10 /яп) adhere smaller sub micron particles, whenever 

brought into contact with them. In brisk enough impact, smaller particles 

separate from the surface of the big ones [RLNB76]. This is one mechanism 

the size distribution of the atmospheric dust may differ from the sand on the 

ground. Another process is the disintegration of an agglomerated particle back 

to its original ingredients.

5.12 Surface and Wind Orientation

As gravity plays only a small role in the adhesion force balance, the orientation 

of the surface mostly acts as an agent to alter the relative wind direction on 

the surface. Wind force exerted on the particle must thus be greater than

Fwind*
/¿/ Fadhesion

sin 9 — /¿/ COS 9
(5.10)

to remove the particle from the surface. Here 9 is the angle between the 

wind direction and the surface normal, /¿/is the static surface friction coeffi

cient, Fwind* sin в is the wind velocity parallel to the surface and Fadhesion + 

Fyjind* cos 9 the normal force keeping the particle on the surface.

Instead of trying to blow the particles off the surface, wind could roll them 

off, as this requires less energy. The force required to roll the particle off is 

proportional the particle diameter and adhesion forces as [BM78]:

Froll oc
^3/2
adhesion (5.11)

d
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so that for a typical adhesion force proportional to d the force required to roll 
the particle about would become oc \fd. Naturally, shape also affects Fro¡i, 

and it is clear that the round particles roll easier than the other shapes.

5.13 Summary of Surface Interactions

Surface interaction forces and methods were discussed in this Chapter, begin

ning from layering and packing of particles (secs. 5.2 and 5.3). After that in 

the following Chapters electromagnetic forces, strongly influential in the arid 

Martian environment, were reviewed. In sec. 5.10.1, a formula for wind ero

sion threshold velocity was given, showing that the force of wind might also 

in Martian conditions occasionally be adequate for directly removing some of 

the particles from the surface. By the method of saltation, sec. 5.11, removal 

is possible also for the lower wind speeds.

Some of the processes introduced in this Chapter are very complex and depend 

strongly on the size, shape and composition of the particles and also on the 

surface and air properties like smoothness and conductivity. This makes it 

hard to accurately model those surface forces, when almost all of the influential 

parameters are yet unknown. Most of the features discussed in this Chapter 

have been heavily simplified, or totally omitted in the current models.



Chapter 6

Solar Cells

6.1 Introduction to Solar Cells

Solar cells are semiconductor components used to transform energy of light 

into electricity. Currently the most commonly used semiconductor material 

is Silicon (Si), but Gallium Arsenide (GaAs), although more expensive, has 

begun to replace silicon solar cells in the space applications. In this Chapter 

the some issues of solar cell technology are briefly reviewed.

Photons that exceed the band gab energy Eg of a material, can excite electrons 

from the valence band to the conduction band, and thus contribute to the 

electric power production of the solar cell. Photons with lower energies than 

the Eg do not contribute to the power production. Those photons that have 

higher energies than the Eg, do not produce any more electricity than those 

that have energy equal to the Eg, they just loose their excess energy through 

lattice vibrations into heat. Thus the solar cell performance depends on both 

panel, and spectrum features. [Bha97]

Solar cells can be modeled by a current source connected in parallel with a 

diode. This model is presented in Fig 6.1 and, enhanced with a shunt and loss 

resistances Rsh and Rs, provides a relationship between the output current 

and the voltage as follows [Sze85j:
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Figure 6.1: Circuit diagram of a solar photovoltaic cell. Is is the saturation cur
rent of the diode, IL the photo current, I the current through the 
load Rl- Rsh and Rs are the shunt and the series loss resistances 

respectively.

I = I, [e»v+"M - l] - h - V + IR, 
Rsh

(6.1)

where Is is the saturation current of the diode, II the photo current, I and V 

the current and the voltage through the load Rl (see Fig. 6.1 for the chosen 

current directions), ee the electron charge, к the Boltzman’s constant. Thermal 

voltage, kT/ee, equals 0.017 V at 200K. By assuming RSh to be very big, which 

usually is the case, the last term can be omitted and V solved to get the power 

output of a solar cell as [HWH+00]

p = VI = I^ In + l) - Rsl2- (6-2)

Note the obvious miss print in Eq. (3.3) of Hyder et al. 2000 [HWH+00], where 

I of the last term is left unsquared.

Solar cell efficiency can be ensured and increased in various ways. Common 

techniques include the use of an antireflective coating to keep the incoming 

photons inside the material, and optimization of the conduction grid design to 

minimize the semiconductor shadowing and the resistance of the grid. Use of a 

back surface reflector will bounce back into semiconductor those photons that 

did not react the first time through, and give them another change for giving 

their power into a better use. In addition, different kinds of surface textures
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can increase the capture efficiency of photons, but with a considerable dust 

layer their meaning would probably diminish.

6.2 Multiple Band Gap Cells

If another solar cell with a different spectrum characteristics and a differing 

band gap, is placed on top of another panel, a multiple band gap (MBG) cell 

results. With this arrangement, a better wavelength cover and thus better 

efficiency is acquired if the selection of materials is done right. If connected in 

line, MBG cell is very sensitive to variations in spectrum as the current has to 

flow through both of the panels and if there were any differences in the current 

levels, there also would be rotating currents and power would be lost. When 

connected parallel, there’s a voltage difference that needs to be adjusted. Also 

three and four junction devices are realizable. [HWH+00]

An example of a double junction cell is a Galn?2 cell placed above a GaAs 

cell. Photons with wavelengths less than 670 nm are absorbed by the GalnP2 

cell, while those with longer wavelengths reach the GaAs.

In manufacturing MBG cells, one also has to take into account different grid 

constants as materials with similar grid constants are much easier to connect 

with, or grow on, each other.



Chapter 7

Modeling

The model calculates the amount of deposited dust on the surface of Mars, 

and the radiative transmission through that dust layer as a function of time 

and environmental situation. Planetary physics has been taken from litera

ture [FS95] and is not discussed in this text.

The model developed here can be used to forecast the effects of dust deposition 

on longer Mars lander missions. It will also provide useful information for 

designing the solar power subsystems.

7.1 Dust Deposition Modeling

The dust deposition model assumes a gamma distributed atmospheric dust 

with the geometric cross-section weighted radius a = 1.6 and the nondimen- 

sional variance b = 0.2 [TDL+99]. The gamma distribution was first discussed 

in Eq. (2.1):

n(r) =
l-3b _ r

c • r b e (7.1)

A first approximation for the formation of the dust layer can be attained 

by assuming a constant deposition rate, say Kj., and a removal rate directly 

proportional to the depth of the accumulated dust layer by a constant K0. 

Using these assumptions, a differential equation for the dust layer depth, y, is
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given by:

dy = Kd — K0y. (7.2)

Solving for у gives

»=^(1-e"K-'). (7.3)

which can be fitted to the Pathfinder measured curve with parameter val

ues [Rap02]

Kd = 0.00868, and K0 = 0.056. (7.4)

In the following a model is developed for the dependency of Kd on the various 

surrounding features, like dustiness, temperature, electrostatic environment, 

and particle properties. An approach to model both Kd and K0 separately as 

a function of previously mentioned quantities is adapted. After this Eq. (7.3) 

is used to obtain the thickness of the dust layer.

To develop a model for the deposition rate, Kd, the deposition velocities for 

all particle sizes need to be known. As discussed in sec. 4.10, the deposition 

velocity is taken to be the sum of gravitational (£/«,), diffusional (V*V^) and 

inertial (V*V£) velocities as in Eq. (4.35):

Vdep0 = U00 + V*(V+ + V¿). (7.5)

These partial velocities can then be calculated from Eqs. (4.15)

ppcfgCç (7.6)
Щх

and (4.27)

V+ = 0.0845c"0'667, (7.7)

and (4.31)

У+ = fie-0M(Re-h)/h]2 + y4e-0.5[(in(r+)-in(/5))//6l2_ (7.8)

From the cross-sectional area-weighted product of the size distribution and the 

downward velocity, the area deposition rate is integrated as in Eq. (4.19),
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The integration is performed by the Simpson’s method. The area deposition 

rate Rarea [m2/s] can then be converted to the optical depth growth rate 

Rt [t/soI\ by using Eq. (4.2):

t m
Rr{ j] = Qext{ 1 ^OSa )-Rarea [ ]

sol s
3600s 24.6597ft 

ft sol ’
(7.10)

where a linear relation between the accumulated dust cross-sectional area and 

the optical depth is assumed. This introduces an error source as the particles 

on the surface are not independent scatterers and the density of the layer 

dramatically affects the attenuation properties [1К82].

Due to the unstable wind conditions, the dust layer removal term was not 

separately modeled. In some of our test cases we used a plausible removal 

value of 0.1 - 0.2 %/sol.

7.2 Radiative Transfer Modeling

Once the dust layer growth rate is known, the model calculates the radiative 

transfer through that layer. The atmosphere has been simulated by a homo

geneous layer. Also the the dust layer has been simulated by a homogeneous 

layer that resides in between the atmosphere and the solar panels. Both layers 

are then treated with similar two-stream methods. No doubling methods are 

used between the layers, since the atmosphere has a much stronger coupling 

with the Martian surface than with the negligible small lander.

Direct transmitted flux is calculated from Eq. (3.9)

Ft = F0eT( 1 - a.), (7-H)

and diffuse flux from Eq. (3.17) as

F-(rz)
2bxk + 272(62 - os6i)e T2/w sinh krz + 61 (di + d2)e Tz/w — 2cl0k

c(d\ + d2)
(7.12)

Sum of these fluxes gives the total transmitted flux that reaches the solar 

panels as described by Eq. (3.18)

Ftotal = Ft no + F (t2)/tv (7.13)
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Figure 7.1: TOA insolation (Wh/m2/sol) for Mars as a function of latitude and 
time (sols). Also shown are the landing times and latitudes of Beagle 2 
(blue), MER-A (red), and MER-B (black).

The simulation program has been written in Matlab and some test runs are 

shown in the next section.

7.3 Simulation Results

Top of the atmosphere (TOA) solar insolation (W/m2) for Mars is shown in 

Fig. 7.1 as a function of latitude and time (arbitrarily chosen as sols from 

the Mars orbital perifocus). Intensiveness of the southern summer, an effect 

of the elliptical orbit, is clearly shown. Fig. 7.2 shows the total insolation 

on the surface when the atmospheric optical depth equals one (moderately 

dusty). This total insolation is composed of direct (Fig. 7.3), and diffuse 

(Fig. 7.3) components where it can be seen that the meaning of the diffuse 

flux is especially important near the poles at the summer time, when the Sun
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Days from perihelion

Figure 7.2: Total insolation (Wh/m2/sol), Eq. 3.18, on the surface of Mars, when 
the atmospheric optical depth equals one. Also shown are the landing 
times and latitudes of the Beagle 2 (blue), MER-A (red), and MER-B 

(black).

stays up long hours but most of them at low elevations.

A lander called Beagle 2, delivered to the red planet by Mars Express, will 

touch down in Dec 26, 2003, at the latitude of 10.6° N [WSP03, ЬеаОЗ]. At 

the landing time of Beagle 2, Mars orbit is at aerocentric longitude Ls = 323°, 

corresponding to an early northern spring (Ls is measured from the Northern 

Spring Equinox, which means that Ls = 0°, when the Sun moves over the 

equator to the Northern hemisphere). Soon after, American MERs will follow, 

MER-A in Jan 4, 2004 at 14.7° S and MER-B in Jan 25 at 0.5° N. Planned 

nominal mission duration for the Beagle 2 is a whole Martian year and for 

both MERs 90 sols. Mars Net landers will be launched earliest in 2007 and the 

precise landing sites are still under debate, in any case they would be scattered 

between 35° N and 35° S [P+00, Н+99]. Also shown in the contour plots as
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) 300 400 500
days from perihelion passage

Figure 7.3: Direct insolation (Wh/m2/sol), Eq. 3.9 on the surface of Mars, when 
the atmospheric optical depth equals one. Also shown are the landing 
times and latitudes of the Beagle 2 (blue), MER-A (red), and MER-B 

(black).

circles, are the landing times and latitudes of Beagle 2 (blue), MER-A (red), 

and MER-B (black). All of these three landers have been launched in the 

summer of 2003.

In severe dust storm conditions optical depth, r, might reach a value of five. 

This situation is illustrated in Fig. 7.5. There both the total and direct flux 

components are shown. It can be seen that in the heavy dust conditions, the 

direct component totally losses its significance and over 95% of the radiation 

reaching surface is diffuse.

A closer look between the latitudes 20° S and 20° N is taken in Figs. 7.6 - 7.8. 

Time is counted from the touchdown of the Beagle 2, Dec 26, 2003 when the 

Mars is at Ls = 323°. In these figures also the dust accumulation on the solar
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days from perihelion passage

Figure 7.4: Diffuse insolation (Wh/m2/sol), Eq. 3.17, on the surface of Mars, 
when the atmospheric optical depth equals one. Also shown are the 
landing times and latitudes of the Beagle 2 (blue), MER-A (red), and 
MER-B (black).

panel surface is taken into account by adding an optical depth build-up term 

of 0.01 (or 1 unit%) per sol. Contours of 1000 Wh/m2/sol are in bold black. 

With a typical solar panel efficiency of 10%, this corresponds to a 100 Wh/sol 

power production from a one m2-panel, which is a typical threshold value in 

a lander mission to keep all the systems functional. It can be seen, how much 

even a very small dust removal term can enhance the situation in a view of 

a lander. In this sunny case, for the Beagle 2 (blue circle), by adding a 0.2% 

dust removal, or drain term there would be almost 150 sols more time to be 

over the 100 Wh/sol limit.

When windiness is increased, both the deposition rate, and the uplift rate of 

the particles increases (see secs. 4.10 and 5.10.1). Fig. 7.8 shows a model run 

for a large 5 unit% r build-up and a drain term for the surface dust of 1%/sol.
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Figure 7.5: Total insolation (Wh/m2/sol), Eq. 3.18 on the surface of Mars dur
ing heavy dust storm conditions when the atmospheric optical depth 
equals five, r = 5. Also shown is the contribution of direct flux 
(black lines of 10 Wh/m2/sol). Circles point the landing times and 
latitudes of the Beagle 2 (blue), MER-A (red), and MER-B (black).

It can be concluded that even a moderate dust removal from the solar panel 

surface can greatly enhance the power output. This makes the understanding 

of the different removal mechanisms very important. Further study and wind 

tunnel tests are needed to constrain the parameters used in the models. The 

importance of the diffuse flux of light on the Martian surface was demonstrated, 

especially for the long duration lander missions.
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sols from Beagle 2 landing

Figure 7.6: Total insolation (Wh/m2/sol) on the surface of Mars on light dust 
conditions when optical depth equals 0.5, and dust deposition causes 
optical depth build up of 0.01 in sol on the surface. Circles point out 
the landing times and latitudes of the Beagle 2 (blue), MER-A (red), 
and MER-B (black). Note that below 1000 Wh/m2 line (black), the 
spacing of the contour lines drops from 200 Wh/sol to 100 Wh/sol.
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Figure 7.7: Total insolation (Wh/m2/sol) on the surface of Mars on light dust 
conditions when optical depth equals 0.5, and dust deposition causes 
optical depth build up of 0.01 in sol on the surface. A small drain 
term for the surface dust, 0.1%/sol, is included. Circles point out 
the landing times and latitudes of the Beagle 2 (blue), MER-A (red), 
and MER-B (black). Note that below 1000 Wh/m2 line (black), the 
spacing of the contour lines drops from 200 Wh/sol to 100 Wh/sol.
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sols from Beagle 2 landing

Figure 7.8: Total insolation (Wh/m2/sol) on the surface of Mars on light dust 
conditions when optical depth equals 0.5, and dust deposition causes 
optical depth build up of 0.01 in sol on the surface. A small drain 
term for the surface dust, 0.2%/sol, is included. Circles point out 
the landing times and latitudes of the Beagle 2 (blue), MER-A (red), 
and MER-B (black). Note that below 1000 Wh/m2 line (black), the 
spacing of the contour lines drops from 200 Wh/sol to 100 Wh/sol.
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sols from Beagle 2 landing

Figure 7.9: Total insolation (Wh/m2/sol) on the surface of Mars on light dust 
conditions when optical depth equals 0.5, and dust deposition causes 
optical depth build up of 0.05 in sol on the surface. A moderate 
drain term for the surface dust, 1%/sol, is included. Circles point out 
the landing times and latitudes of the Beagle 2 (blue), MER-A (red), 
and MER-B (black). Note that below 1000 Wh/m2 line (black), the 

spacing of the contour lines drops from 200 Wh/sol to 100 Wh/sol.



Chapter 8

Conclusions and Discussion

8.1 Summary

The behavior of a dust particle in the Martian atmosphere has been discussed. 

By physical modeling, the rate of a dust fall on the surface has then been 

approximated. A Martian solar panel of a lander or a rover would also expe

rience this increasing dust load and be shadowed by it. The radiative transfer 

two-stream models are used to calculate the amount of solar radiation reaching 

the surface of the solar panels through the atmosphere and the dust layer.

First, in Chapter 1, task and background were introduced. After that, in 

Chapter 2, a closer look was taken at the properties of dust in the Martian 

atmosphere. Radiative transfer was dealt with in Chapter 3, mainly focusing 

on the two-stream equations. Different dust accumulation processes were in

troduced in Chapter 4, where also the accumulation rate on the surface was 

calculated. In Chapter 5, the interaction of a fallen particle with the surface 

was analyzed theoretically and in Chapter 6 a brief look was taken into solar 

cells.

Finally, in Chapter 7, the numerical model developed in this work was de

scribed. The physics behind this computational model has been described in 

Chapters 2 to 5. Modeling results (Chapter 7) indicate that although a grow

ing dust layer on the surface reduces the direct radiation reaching the panel 

surface, the diffuse radiation field compensates for some of the loss. Also, as
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the time goes on, the dust layer grows thicker and thus more obscuring. The 

rate of this growth depends on the dust particle, and surface properties and 

on the wind conditions. Stronger wind brings more particles down to the sur

face but also simultaneously removes some of them either by directly lifting 

them off or indirectly by causing bigger particles to collide with the surface 

(saltation).

Making use of the present model, it is straightforward to compare any landing 

sites (latitude, Ls) on the Martian surface in terms of the available photovoltaic 

power and achievable mission lifetime. The results of the modeling also demon

strate that only a very small dust removal term is needed to greatly decrease 

the power attenuation as the sols flow by and the dust layer grows. As it is 

very probable that this kind of removal exists on the windy and eroded Mars, 

it can be concluded on the basis of the present simulations that solar power is 

a viable option also for the longer duration Mars lander missions.

8.2 Discussion and Future Aspects

The numerical model built in this work is relatively light and easy to use. Bet

ter accuracy might have been acquired by using a more dense computational 

grid or by using multiple stream methods in the radiative transfer solution in

stead of the two-stream methods. These changes would increase the computer 

time needed though.

By using more developed variants of the two-stream methods, the accuracy 

could be enhanced without making the code any more time consuming [КН86]. 

But then again, the whole usage of the two-stream models for a close packed 

dust layer is an approximation and some totally different approach might be 

worth to consider. Nevertheless, the results produced are plausible and show 

a right direction.

In the future as MERs and the Beagle 2 land on the Martian surface, more 

data are obtained and this model can be put into a better test. For the landers 

which are still on the drawing board, results of this work and the computer 

model developed can be used as an input in the solar power system design and
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operation mode planning.

In connection with the present work, a number of ideas to reduce the dust load 

have emerged. By inflicting vibration on the panel by flutterers for example, 

could cause the dust to levitate. Lightweight flutterers could also be used 

to make the solar panel edges ’fit’ the airflow smoother, i.e. keep the flow 

laminar thus reducing the amount of turbulent deposition. Alternatively, the 

flow could be made turbulent in a desired manner. Turbulence produces lanes 

and by periodically changing the turbulence profile, these lanes could be kept 

on motion right until the other edge of the panel where the dust would fall 

back on the ground.



Appendix A

Appendix: Coagulation and 

Agglomeration

Two particles colliding either bounce off from each other, stick together (ag

gregate) or integrate to form a new particle (coagulation). For monodisperse 

systems, the particle number density changes as coagulation proceeds:

= -K„N\ (A.l)
at

where N is the particle number concentration and Kq the coagulation coeffi

cient
АкТГ*

Ko — 4ndD ■ ß(d) = —-—- • ß(d). (A.2)
à7!

D is the diffusion coefficient (from Eq. 4.22) and ß is a correction factor which 

equals one for the larger particle sizes, but decreases with size such that ß — 

0.14 for the particles of diameter d = 2r — 0.01 цтп [Hin82, table 12.1].

For a more realistic case of interaction between different sized particles, the 

coagulation coefficient is

K\2 = 7r(diDi + di-Dg + g^-Di + d^D^i (A.3)

where subindices refer to different (sized) particles 1 and 2. As the diffusion co

efficient is inversely proportional to the particle size through the Cunningham 

correction factor Cc, the biggest factor in the Ki¿ is formed by a cross term 

d\D2 in the case that the particle 1 is the bigger of the two. It follows that the
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efficiency of coagulation increases with the increasing particle size difference. 

This then leads to a narrowing size distribution as the smallest particles are 

efficiently being eaten by the more massive ones.[Hin82, Chapter 12]
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