Chapter 2

Respiratory Particle Deposition Probability
Due to Sedimentation with Variable Gravity
and Electrostatic Forces

Ioannis Haranas, Ioannis GKkigkitzis, George D. Zouganelis,
Maria K. Haranas, and Samantha Kirk

Abstract In this chapter, we study the effects of the acceleration gravity on the
sedimentation deposition probability, as well as the aerosol deposition rate on the
surface of the Earth and Mars, but also aboard a spacecraft in orbit around Earth and
Mars as well for particles with density p, = 1,300 kg/m3, diameters d, =1, 3, 5 um,
and residence times r=0.0272, 0.2 s, respectively. For particles of diameter 1 pm
we find that, on the surface of Earth and Mars the deposition probabilities are higher
at the poles when compared to the ones at the equator. Similarly, on the surface of
the Earth we find that the deposition probabilities exhibit 0.5 and 0.4 % higher
percentage difference at the poles when compared to that of the equator, for the
corresponding residence times. Moreover in orbit equatorial orbits result to higher
deposition probabilities when compared to polar ones. For both residence times
particles with the diameters considered above in circular and elliptical orbits around
Mars, the deposition probabilities appear to be the same for all orbital inclinations.
Sedimentation probability increases drastically with particle diameter and orbital
eccentricity of the orbiting spacecraft. Finally, as an alternative framework for the
study of interaction and the effect of gravity in biology, and in particular gravity
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and the respiratory system we introduce is the term information in a way Shannon
has introduced it, considering the sedimentation probability as a random variable.
This can be thought as a way in which gravity enters the cognitive processes of the
system (processing of information) in the cybernetic sense.

Keywords Deposition probability ¢ Sedimentation ¢ Gravitational acceleration
e Zonal harmonic ¢ Information * Respiratory system ¢ Cybernetics

2.1 Introduction

Airborne particles have always been around in the history of mankind. Human
population has been exposed to the inhalation of airborne particle clouds, clouds
that have been created by various natural processes that include volcanic eruptions
and forest fires. The severity of corresponding exposures can be hazardous or even
fatal, if the particle air concentration, size, and composition of the suspended
materials. In a pioneering paper by Watkins Pitchford and Moir [33] the authors
understand the importance of that, and they find that 80 % of the particles in
silicotic human lungs are smaller that 2 pm in diameter. Next, Hatch and Gross
[14] report that inhalation exposure to aerosols of fine zinc oxide particles of
diameter less 0.6 pm can cause the so called “metal fume fever,” where exposure
to similar air concentrations of zinc oxide that results from bulk material is not
toxic. The measured concentration of the corresponding contaminant particles and
their total inhaled volume was found to be insufficient to predict the pathological
effects of inhalation exposure, and also to predict the relative hazard to a particular
aerosol, that might be dust or mist. It is the size distribution and also the density of
particular aerosol particles which determines their penetration depth as well as their
fractional deposition in the respiratory track which results in the determination of
the location of their critical sites of action and finally their translocational mecha-
nisms. The use of the term aerosol simply refers to particles that might be solid or
liquid in nature, with a sufficiently small diameter that can be suspended in the air
as it is defined by Green and Lane [9].

To describe any possible risks associated with the inhalation of aerosol particles,
one must know how much is deposited in a particular region of the respiratory track
as well as how much is the left after a physiological clearance from that region. Any
remaining material can constitute a potential effective dose which can produce an
acute or a chronic pulmonary disease. Deposition of the aerosol material within the
respiratory track is predicted by models and also experimental evaluation and they
important in the case of soluble aerosols, because their contaminants reach the
bloodstream but also the lymphatic channels from several places of the respiratory
track. Deposition is an important step in determining various clearance processes.
In Morrow et al. [21] a discussion on lung dynamics the respiratory track can be
described in terms of three compartments that are based upon a clearance mecha-
nism associated with each place separately. Inhaled particles deposited in the
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posterior nares will be caught in the mucus and conveyed by mucocilliary action
through the nasopharynx, and into the gastrointestinal track [15].

In this contribution we examine the effect of variable gravity might have on the
deposition probability of aerosol particles on the surface of the Earth and also above
an orbiting spacecraft. For that we correct the acceleration of gravity on the surface
for the Earth’s rotation and for its oblateness via the J, harmonic coefficient of the
gravitational field. The effect of various latitudes is examined and compared, for
particles of various sizes and a particular density. Similarly, in orbiting spacecraft
this is achieved by transforming the gravitational acceleration at the orbital altitude
of the spacecraft as a function of the orbital elements, and for three orbits of three
different inclinations the sedimentation probabilities are examined and compared.
Next, we modify the acceleration of gravity by adding an electrostatic deposition
acceleration caused by the image force acting on the particles. This acceleration is
responsible for the deposition increase within the respiratory track, and therefore
the deposition probability is again calculated on the surface of the Earth and in an
orbiting spacecraft experiment. After that, the acrosol deposition rate on the surface
of the Earth and Mars as well as aboard an orbiting spacecraft is also calculated.
Finally, as an alternative framework for the study of interaction of the effect of
gravity in biology, and in particular gravity and respiratory system we introduce, is
the term information in a way Shannon has introduced it, considering the sedimen-
tation probability as a random variable. This can be thought as a way in which
gravity enters the cognitive processes of the system (processing of information) in
the cybernetic sense.

2.2 Mechanisms of Deposition

Aerosol particles are inhaled and deposited in the human respiratory track. Inertial
impaction of the inhaled particles is the main mechanism of large particle deposi-
tion in the upper part of the respiratory track. Inertial impaction can act on particles
ranging from 2 to 3 pm to greater than 20 pm in diameter, i.e., 50 pm. It is the inertia
of the large airborne particles that tent to maintain their initial path when the
supporting air stream is deflected suddenly by nasal turbinates or branching of the
airways. The probability of inertial deposition Pgep, is proportional to the product of
the terminal settling velocity v, which is higher for larger diameter particles, and
Vair, 1S the entrained particle velocity which is inversely proportional to the radius
R of the airway (Gussman 1969a):

VierVair SIN @

Paep, ( (2.1)

&R + VierVair Sin9)’

where g is the acceleration of gravity. In the case of a large increasing air velocity,
smaller airway radius and large bending angle 6 implies a large inertial impaction
probability P; becomes ideally large (Fig. 2.1).
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Fig. 2.1 Particles entering the airway at an angle 6 with terminal velocity v, and air velocity v,
at an angle 0 to the horizontal

Settling terminal velocity is related to sedimentation, and it is very important for
particle deposition in the respiratory track. A particle falling under gravity, acquires
a terminal velocity that is given by [13]

gd2 (pp - pair)

) 2.2
18’7air ( )

Vier =

where 7, is the viscosity of the air, p, is the density of the particle, p,;, is the
density of the air, and d is the diameter of the particle. When the particle’s diameter
becomes very small and of the same order with the air molecule mean free path L,
the corresponding drag increases and the following correction bust be applied [5]:

2C.
Vier(cOr) = vier(cal) {1 + 5 L}, (2.3)

where v (cor) and v,(cal) are the corrected and calculated terminal velocities,
respectively [10], and where C. is given by the following expression (Hinds 1999):

0.39
A A\
Co=1+ 7234+ 105 , (2.4)

p

C. is the so-called Cunningham correction or “slip correction factor” that must be
taken intro account when the size of the aerosol particles is comparable to the mean
free path of the atmospheric molecules, discontinuities in the in the medium
become important consideration, and particle mobility increases. A is the mean
free path of the air, and its inversely proportional to its density 1 =7.91 x 10~ ¥/p,
for A in meters and p,;; in kg/m3, and d,, in meters. In a time ¢, the inhaled particles
travel a distance d,., = vic,f, and therefore, if the particles enter the airway at an
angle 6 with the horizontal then the deposition probability Py, due to sedimenta-
tion becomes (Landhal 1950)
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<T(pp - pair) dlz)CC 0
- 189. R %
Peg=1—c¢ air .

(2.5)
The time it takes for a particle to travel in the trachea is
Ly
T=—", 2.6
Vair ( )

Eliminating this traveling time 7 in Eq. (2.5) we obtain that the sedimentation
probability takes the form

<(pp - pair)dlz)cc L 9)

—| ————=—————¢gcos
1871, R ir

Psed _ 1 —e nalr Va

where L is the length of trachea, v the velocity of the air, and R the radius of the
airway. Sedimentation is the basic mechanism via which inhaled particles in
the range 0.1 pm < d}, < 50 pm are deposited. We can write the particle’s effective
distance at right angles to the direction of travel in the following way:

(2.7)

he = Vterlair g, (2.8)
8

where 0 is the same angle defined before. Finally, the ratio r of the fall distance or

the distance that the particle travels in time t moving with terminal velocity v, to the

max distance of deposition or the physical distance of the diameter of object

(trachea) in our case that the particle has to travel becomes

VierT

Ver L[r
max — ——— = —| — . 2
Hma R cos @ 2R< )cos@ (2.9)

Vair

When a particle enters our respiratory system is subject to the deposition mecha-
nism described above. The actual deposition efficiency of a given particle size has
been determined experimentally. Various models have been developed to predict
the deposition based on experimental data. The most advanced and widely used is
the one developed by the International Commission on Radiological Protection
(ICRP) and the National Council on Radiation Protection and Measurement
(NCRP). The total deposition fraction (DF) in the respiratory system according to
ICRP model is given by [16]
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1 0911 0.943
—_——— 0.0587 + + .
14 0.00076d 1+ o(477+1.485Indy) 4 + o(0.53-2.581nd, )

(2.10)

DF =

1-05 {1
where dj, is the particle diameter in microns.

2.3 The Gravitational Acceleration on the Surface
of the Earth and at Orbital Point

In our effort to study the effect of gravity on the respiratory system, let us consider
the acceleration of gravity g at the orbital altitude of the spacecraft in which a
respirator type of experiment is taking place under controlled conditions. Following
Haranas et al. [12] we write the acceleration of gravity as the sum of three different
components namely

, GMg GMgR:J
Vlot(r):_ «EJF EE2

- S (3sin"gg — 1) - %wér Pcosps.  (2.11)
where 7’ is the radial distance from the center of the Earth to an external surface
point, Mg is the mass of the Earth, Ry is the radius of the Earth, J, is the zonal
harmonic coefficient that describes the oblateness of the Earth, wg is the angular
velocity of the Earth, and ¢ is the geocentric latitude of the designed experiment.
Zonal harmonics are simply bands of latitude, whose boundaries are the roots of a
Legendre polynomial. Spherical harmonics in general are very important concept in
solar system research and in particular in the modeling of planetary gravity fields.
For example in Hadjifotinou [11] the author uses a gravitational potential that
includes a J, as well as a J4, harmonics in predicting numerically the motion of
Saturn’s satellites. Similarly, in Iorio [17] the author derives the precession of the
ascending node of a satellite due to Lense-Thirring effect as a function of the J,
harmonic. This particular gravitational harmonic coefficient is a result of the
Earth’s shape and is about 1,000 times larger than the next harmonic coefficient
J3 and its value is equal to J, = —0.0010826260 (Kaula 2000). At the orbital point
of the spacecraft the rotational potential on the surface of the earth does not affect
the orbit of spacecraft. Therefore the gravitational acceleration as it is given by
Eq. (2.2) can be transformed as a function of orbital elements, using standard
transformations given by Kaula (2000) and Vallado (2007) namely
sin ¢hg = sin i sin(u) = cos O, where, ¢g is the geocentric latitude, measured from
the Earth’s equator to the poles, and g is the corresponding colatitude measured
from the poles down to the equator (O =90 — ¢g), u=w+f is the argument of
latitude that defines the position of a body moving along a Kepler orbit, i its
orbital inclination, @ is the argument of the perigee of the spacecraft (not to be
confused with angular velocity, which we write with subscripts), f is its true
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anomaly (an angle defined between the orbital position of the spacecraft and its
perigee). The orbital elements are shown in Fig. 2.2 below.

To familiarize the reader with the orbital elements used here let us define the
orbital elements appearing in our Eq. (2.4) below. g is the semi-major axis that
defines the size of the orbital ellipse. It is the distance from the center of the ellipse
to an apsis, i.e., the point where the radius vector is maximum or minimum (i.e.,
apogee and perigee points). Similarly, e is the eccentricity, that defines the shape of
the orbital ellipse (minor to major axis ratio), i is the inclination of the orbit defined
as the angle between the orbital and equatorial planes, and w is the argument of
the perigee, the angle between the direction of the ascending node (the point on the
equatorial plane at which the spacecraft crosses from south to north) and the
direction of the perigee. Finally, the true anomaly f is the angle that locates
the spacecraft in the orbital ellipse and is measured in the direction of motion
from the perigee to the position vector of the satellite. Assuming an elliptical orbit
the geocentric orbital distance 7 is given by (Vallado 2007)

a1 —e?)
~ (14ecosf)’ (212)

and therefore Eq. (2.11) becomes a function of the spacecraft orbital elements:

_ GMg(1 + ecosf)’  3GMgRZLJ,(1 + ecosf)’

ot = (3 sin%i sin *f — 1).

az(1 - 62)2 2at(1 — e2)4

(2.13)

Earth' s Equator

X .
“Perigee

Fig. 2.2 Explanation of the orbital elements: inclination 7, argument of latitude u = @ +f, and the
radial vector 7/ of the spacecraft, and =0 is the zero longitude point on the Earth’s equator, and
Xos Y Zo» define a right-handed coordinate system (Haranas et al. [12])
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First, let us consider a sedimentation experiment that takes place on the surface of
the Earth = Rg. In this case from Eq. (2.11) we obtain the following expression for
the acceleration of gravity corrected for the oblateness and the rotation of the Earth
on the Earth’s surface and therefore the gravitational acceleration g, becomes

_ GMg  3GMgl,
TR TR

(3sinp — 1) — Rpwg cos*¢h . (2.14)

Furthermore, thinking the Earth to be an ellipsoid of revolution we can write that
(Kaula 2000)

Re = Req <1 - (f’ +3f’2) sin 2y -+ %f’z singp — .. >
zReq(l —#sin 2¢E), (2.15)

where ¢ is the planetocentric latitude, and f is the Earth’s flattering that it is given
by

. Reg — Ryl _3J2 Riw?
Req 2 2GMg’

(2.16)

where R.q and R, is the Earth’s equatorial and polar radii and therefore. Eq. (2.14)
becomes

- GMg
© R (1-f sin2g)’
_ 3GMs)

2R2 (1 — f sin2¢)’

(2.17)

(3 sin2¢p — 1) —Req(l —f/ sinzqﬁ)a)é cos ¢ .

On the surface of the Earth and for the geocentric latitude ¢ =0°,45°, 90°
Eq. (2.17) results in the following expressions for the gravitational acceleration:

GMg  3GMgJ, )
8p=0 = qu + 2R§q — Reqog. (2.18)
GM 3GMgJ 1 '
8pots = E - =2 _ = A Req?, (2.19)
RL(1—F) 42 (1 f/) 2\ 2
eq eq - 7
GM, 3GMgJ,

—90 = — . 2.20
TR0 R(-) >
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2.4 Modified Gravity Probability Deposition Due

to Sedimentation

First let us now consider Eq. (2.7) for the deposition probability of particles on the
surface of the Earth, where the gravitational acceleration has been corrected for the

rotation of the Earth and also for its oblateness via the J, harmonic coefficient.

Using Egs. (2.6) and (2.18-2.20) we can write that the deposition probability

becomes

R, 2R

(Pp = Pair)dpCe L (GME 3GMgJ,

Puy—1— e( 187,,R  Vair

(Pp = Par)3Ce L [ GMg 3GMgJ,

— Req(ué> cos H)
., (2.21)

1 /
— <1J7) Reqo? | cos®

)

1R var|R2 (1 - ) 4p2 (1 _£) 2
Psed =1-—e eq( ) 4Req<] 2)
(2.22)
(pp - pair)dlzjcc L GME 3GMEJ2 )
- - - cos
BnuR v \R2 (1 - ) R2(1-F)°
Pea=1—c¢ ’ eq( f) eq( f) . (223)
For circular orbits, i.e., e =0, of inclinations i = 0°, 45°, 90° we obtain
(pp = Pun)dsCe L (GMe 3GMeRe 2\
) 1 8”lairR Vair a2 - 2614 o8
Peg=1—¢ (224)
(pp - pair)dlzycc L GME 3GMER§qJ2 (3 sin 21,{ 1) 0
- — + - cos
Pea=1—c¢ ik var \ @ 2a¢ 2
(2.25)
(pp - pair)dgcc L GME 3GMER§qJ2 (3 sin 2L£ _ 1) p
- — + cos
Peg=1—c¢ 18n,;,R Vair \ @? 2a* 2 .

(2.26)
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Similarly, for elliptical orbits of the same inclinations the deposition probability of
particles takes the form

<(Pp - pair)dﬁcc L <GME(1 +ecosf)’ 3GMERLJH(1+ ecosf)4> cos 9>
B - +
Psed =1l-e lgnairR Vair a2(1 - 62) 2614(1 - 62)4

(2.27)

<(pp _pair)d‘gcC L (GME(I +eCOSf)2 3GA/IER€23<1J2(1 +eCOSf)4 (3 Sinzf )) 0)
_ I + —1 cos
Peg=1—c¢ 181, R Vair a2(1—e?) 2a%(1 _‘-"2)4 2

(2.28)

(ppipair)dgcc L GME(1+€COSf)2 3GMEqu-12(1+€COSf)4 3sin2f—1
_ 181,i,R E (12(1762) + 2614(1—62)4 5 cosf
Psed =1—e air a

(2.29)

2.5 Modified Gravity Ratio of the Fall Distance
to the Maximum Distance for Deposition

In Eq. (2.7) we have given the ratio r of the fall distance to the max distance for
deposition. In this section we correct Eq. (2.7) by correcting the gravitational
acceleration on the surface of the Earth for the rotation of the Earth, and also for its
oblateness, we give expressions for three different geocentric latitudes, taking Earth’s
flattering into account. Similarly, we extend the expression for the maximum height
when in orbit around a planetary body in our case the Earth and therefore we obtain

— par)doCe L (GMg  3GMg]
Hmax = ('Dp P ) p C—. 2E 2E 2—Reqw]25 cos 6, (2.30)
iR var\ Ry 2R
— . dzcc 7
hmax = (/)P 18palr1i> 5 i 2 GME N 3GMEJ2, 2 %(1 %) Reqwlzi cos 07
wk v\ R (17 e, (1-4)
(2.31)
— pur)d>Ce L GM 3GMgJ
hmax - (pp P ) P C_ E 3 E ? ) 0s 6. (232)
8naR v \R2 (1-f)" RE(1-f)
For circular orbits, i.e., e =0, of inclinations i = 0°, 45°, 90° we obtain
—pur)d2Ce L (GMg 3GMgR2J
hmax = (pp par) P 07 2E+ E4eq 2 COSH, (233)
18n,;,R Vair \ @ 2a
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_ 2 2 )
(Pp = Puir)doCe L (GMg  3GMERZJ> (3sin’u
= — —1 2.34
hmax 187]airR Vair Cl2 + 204 ) COSH7 ( 3)

h =
e 1 8’7airR Vair

2 2 i
(Pp — Pair)deC L (GMg n 3GMERyT2 (3 sin’u — 1 cos@. (2.35)
a2 244 2

Similarly, for elliptical orbits of the same inclinations the ratio takes the form

ho = (Pp - pair)dlgcc L (GMg(1 + ecosf)2 3GMER§QJ2(1 .l ecosf)4 cos d
e 18’7airR Vair a2(1 - 82) 2(14(1 - 62)4 ’
(2.36)
(Pp = Par)d2Cc L (GMg(1 + ecosf)®  3GMER2T>(1+ ecosf)’ (3 sin2f
T = il -1 cosd,
87,8  var\ (1 —¢2) 2a*(1 — e2)* 2
(2.37)
ho. = (/’p */’air)décci GMEg(1 + ecosf)2 3GMER§A4‘,2(1 + eCOSf)4 3sin’f — 1 cos 6.
ma 187,,R  Vair a(1 — e?) 2a4(1 — )" 2
(2.38)

2.6 The Inclusion of Electrostatic Deposition Forces

Up to Eq. (2.38) we have dealt with the effect of a variable gravity on the surface of
a planetary body and also in an experiment above an orbiting spacecraft. Next, we
consider dust particle electrostatic forces first in the absence of an electric field E
falling in the trachea. Following Yu [35] we say that there are two electric forces
which cause particles to deposit on the surface of an enclosure. One is the image
force due to the interaction between a particle and the wall. The other is the space
charge force due to the mutual repulsion between particles of the same charge. The
image force is a single particle effect, while the space charge force depends on the
particle concentration of the system. In order to find out which of these two forces is
important in lung deposition, the interparticle distance must be estimated in relation
to the airways. Because most environmental aerosols have low concentration
numbers, we will assume that the primary deposition force is the image force acting
on the particles, which is also responsible for the deposition increase within the
respiratory track. Because the particle is acted upon by the vector sum of many
forces, for the determination of an exact image deposition acceleration will be a
very hard task. We simplify the analysis by following the idea give in Yu [35]
where the total acceleration acted upon the particle is a superposition of the
gravitational and that resulted by the image force, and therefore we have that

Aoy = g €08 0 + dimage COS &, (2.39)
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where dimage & is the vertical component of @jmage, Where £ is the angle between the
vertical component of the image acceleration and the direction of the acceleration
of gravity. Therefore Eq. (2.1) can be modified to

VierVair Sin 6
((g + Gimage COS f)R + VierVair SIN 9) '

P o (2.40)

Therefore using the expression for the image force given by Yu [35] we obtain the
vertical component of the image acceleration to

a; frg Fimage = q2r2 cos é (2 41>
mase m 1671'80]’)’1(R — }")2 ’

where R is the tracheal radius, r is the distance of the particle from the axis, m is the
mass of the particle, and ¢q is its charge, and &, is the permittivity of the air.
Therefore the sedimentation probability in Eq. (2.7) takes the form

—par)d*Ce L
_ (W i~ (g €08 0 + dimage COS 5))
Psed — 1 —e ”alr air (242)

Next, we can write a particle effective distance at right angles to the direction of
travel to be

Vierair

= —————<siné. (2.43)
(g =+ Qimage COS 5)

S

First let us now consider Eq. (2.1) for the deposition probability of particles on the
surface of the Earth, where the gravitational acceleration has been corrected for the
rotation of the Earth and also for its oblateness via the J, harmonic coefficient.
Using Egs. (2.9-2.11) we can write that

(pp = pu)sCe L ((GMy 3GMels |\ qircost
T + — @ |cosg 4 —MmM————
Peqg =1—¢ 18712 R Vair Rg,q Zqu o 16zeom(R —r)° 7

(2.44)

| (pp—pa)diCe L GMe  3GMgl, 1 i o | g, Aricose
1874 R Vair R%,(1 ﬁf/)2 4R (1 ,f,’)z 2\ 2T 16zegm(R —r)*
Psed =1l-e . 2

(2.45)

)
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(Pp = Pair)d3Ce L GMg 36Mely )\ Fricosé
COSs

187,4:R  Vair qu(l ff’)z 7R§q(l —f/)2 ‘ 16zeom(R —r)*

Pgg=1-c
(2.46)

For circular orbits, i.e., e=0, of inclinations i =0°, 45°, 90° we obtain

(P _pair>d§Cc L [ (GMg 3GMgRZJ, , q*r cosf
N\ Fo. » + cosf+
Pog=1—¢ 1817,4R Vair a? 2a* 16zeom(R

(2.47)
(Pp *Pair)dﬁcc L { {GMg 3GMEquJZ (3 sin’u ) . q*r cosf
- - 4o -~ + —1 cosp+——~
Peg=1-¢ 8ncR - Vair a 2d 2 167eom(R
(2.48)
(Pp—Puir)doCe L (GMy 3GMERZJ> (3 sin2u— 1) b T cos.»:
. 5 —5  + cos+——5
Pyg=1-¢ Bk var\ \ @ 2a* 2 167eom(R
(2.49)

Similarly, for elliptical orbits of the same inclinations the particle deposition
probability takes the form

((/’p - /)air)dlz)cc L ( (GME(l +ecosf)? 3GMER§qJ2(1 +e cos‘f)“) ) Pricosé ))
- cos

z
Psed =1l- )

187K Var 20— 2aM(1-e) 16megm(R —
(2.50)
(P = Puir)doCe L ( (GMe(1 + ecosf)®* 3GMeREJ>(1 + ecosf)* (3 sin2f 1) L reost
Psea = lfei 1817,R - Vair 20— 2a%(1 —e2)* 2 ) ) emeom(R — 1)
(2.51)
(Pp = Puir)dpCe L ((GMe(1 + ecosf)* 3GMeREJx(1 + ecosf) (3 sin2f — 1) o greost
Py = Toe \ 187aR v el-&)  a(1-e) 2 " 6reom(R — 1)
(2.52)

Similarly, we extend the expression for the maximum height when in orbit around a
planetary body in our case the Earth and therefore we obtain

M, M, 22
GRzE +3G2R2EJz — Req 00594—71 qrcosé - (2.53)
eq eq 6ﬂ'80m(R — )

(/)p - /)air)dgcc i
187, R Vair

hmax =
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— Pur)dyCe ! 212 cos
Nmax = (pp Pur) e L M 2t SGMel 2 7l<l 7L>Reqw]25 cos 04— =% cos 7|
181, R Vair qu(l -f) R (1 _}i> 2 2 16zeom(R — r)
eq
2
(2.54)
h _ (/)p - pair)dgcc i GME 3GMEJ2 cosd + q21‘2 COSf
max lgnz‘irR Vair qu(] _ff)Z qu(l _fr)Z 167r£0m(R — r)2
(2.53)
For circular orbits, i.e., e =0, of inclinations i = 0°, 45°, 90° we obtain
P (Pp — Pai)d5Ce L | (GME N 3GMgRJ> 04 q*r*cosé
= — cos —_—
e 18”airR Vair a? 2a* 16ﬂ80m(R — I‘)2 ’
(2.56)
— pair)d>Ce 3GMgR2,J in2 2,2
- (Pp = Pair) pCe L GA;IE N E4eq 2(3 sin®u 1) cosg 47 cosé 1.
181,:R Vair a 2a 2 16zgom(R —r)
(2.57)
— Pair)d2Ce 3GMgR2 J in2u — 22
. (Pp — Puir)dCe L GA;IE 4 JGMeR, 2<3sm u 1) cosg o dricose 1
1874:R Vair a 2a 2 167T80m(R — I")

(2.58)

Similarly, for elliptical orbits of the same inclinations the ratio takes the form

GMg(1 + e cosf)?

(,Dp - pair)dlz)cc L (
18’7airR

hmax -

Vair q*r¥cosé

a*(1 —é?)

3GMgR2,J>(1 + e cos f)4>

2a4(1 — e2)*

16zom(R — r)*

1))0059

[ (GME(1 +ecosf)®  3GMgRIJ(1+e cosf)* <3 sin 2f
P (Pp = Pair)dpCe L 2(1— &) 2241 — ) 2
i 18, R Vair q*r?cos ¢
L 16zeom(R — r)?
[ (GMg(1 + ecosf)®  3GMeR2J>(1+ ecosf)’ (3sin2f — 1
P (pp— Pa;r)d,ch L a*(1 —e?) 2a4(1 — e2)* 2
e 1817,4:R Vair G*r¥cosé
L 16zeom(R — r)*

cos @

)

(2.59)

(2.60)

)]

(2.61_)
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2.7 Aerosol Deposition Rate on the Surface of a Planetary
Body and in a Spacecraft in Orbit Around It
Following Garcia [8] we can write the deposition rate D in the following way:

D = PsedCsvsed, (262)

where P4 is the sedimentation probability, vy is its vertical sedimentation velocity,
and C; is the suspending particle concentration. Using Eqs. (2.2), (2.7), and (2.17)
we write that on the surface of the Earth the dose takes the form

GMg
R, (1 —f sin2¢)’
_ (pp 7pair)d]§CC SGM]/E‘IZ 2(3 Siﬂ2¢ _ 1)
1817, 2R, (1 —f sin¢p)

2.2
—Reg (1 = f sin2¢p)w? cos? +q)7cos:§
ll = Pk ¢ 16zeom(R — r)*
GMg

R (1 —f sin?p)’
(Pp = Pair)dCeLes | ™ gricos¢

3GMgJ> .2 cosfp—————2
187, RV4i —————————(3sin’¢p - 1) [ Y
> MairRVair 2R§q(l ~f sin 24))2 16meom(R — r)

—Req(1 — £ sin?p) s} cos 2¢p

CS‘,

(2.63)
which for the geocentric latitudes of ¢ =0°, 45°, 90°, respectively, becomes

GMe,  3GMeg)>

popic| (R 5
18174 q*r?cosé

16zom(R — r)*

(pp - puir)dgchIr GMeq 3GMEJ2 5 (264)
57— + 5— — Reqwi | | cos@
1874 RV air Req 2Req

- Reqwlz_:> cos 6
D=

2 Cs,

¢*r?cos &
2

1—e 16zeom(R — 1)
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GMey  3GMegl>

R2(1—7)? N 2
a(1=f) 4R§q<1f2>
cos @

D= (pp 7pair)d§CC 1
18'7air ——(] — —> eqwé

2
G*r¥cosé

16zeom(R — r)?
GMs: 3GMg/,
+ (2.65)

2 2
qu (1 -f ) f/
2
(pp - paif)dgcJ‘“ e 1 2 cos
1 877airR Vair f, ‘
- 1
__ <1 —§> Reqwé c.

G*r¥cosé
16zeom(R — r)?

1—e

GMg 3GMgJ, 0
(P, — pur)d2C > 7t 2 | €os
pp Pair p-¢ R (] —f) Req(l —f)
1877ai|' 5[ 7 COSf
16zeom(R — r)*
(o — /’air)d;%CCL“ GMg i 3GMgJ, cos
. 18074 RVai qu(l _f/)z qu(l _f,)z
X G2 cosé Cs.

16zeom(R — r)*

D=

(2.66)

1—e

Similarly, in circular and elliptical orbits of inclination i =0°, 45°, 90° we, respec-

tively, obtain that

GMg  3GMgRJ>

(Pp = Pair) d3Ce <az +24) cos?

1817, g*ricosé
16zeom(R — r)?
(/)p - /)air)dgcd‘" <GME I 3GMER ,2> cos 6 (267>
1817, RVair a? 2a*
X ) ¢*r?cos & Cs,
16zegm(R — r)?

D=

1—e
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GMg 3GMER§q12 3sin2u
2 — — 1) |cos@
b Pp—Pa)diCe| \ a 2a 2
1814 q*r?cosé
16zegm(R — r)*
(pp — pair>d§CcLlr GMg 3GMEqu-,2 3sin’u O coso
1817, RVair a? 2a* 2
X Prcosé Cs,
1—e 16zegm(R — r)?
(2.68)
GMg 3GMER§qJ2 3sin?u —1
R > + T > cos@
D— (pp - pair)dpc( a 2a
lgﬂair | q2r2 COS 6
! 2
16megm(R — r
( ) (2.69)
(pp — /)air)dgchtr GMg N 3GMEquJ2 3sin’u — 1 cosd
1871 R Vair a? 2a* 2
X G2 cosé Cs.
l—e 167eom(R — r)?
For elliptical orbits the dose becomes
GMg(1 + ecosf)?
Py = Par)dyCe a*(1 — e?) cosd 4+ ¢*r?cosé
1817, . 3GMEqu.12(1 + ecosf)* 16zeom(R — r)?
204(1 — 2)*
GMg(1 + ecosf)?
(Pp = Pair)dyCel a(1—¢?) cosd (2.70)
lgnaierair SGMEqu.]z(l +e COSf)4 )
- 3
> 2a4(1 — €?) c.,
q*r?cosé
l—e 167eom(R — r)?
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GMg(1+ ecosf)

&? ,Ce a2 1—e2) 2.2 oo
D— (/) /}alr) , cos 0 + gr-cosé .
1817, SGMER 21+ ecosf)* (3 sin 2f 1) 16zeom(R — 1)
2a4(1 — e2)* 2
GMg(1 + ecosf)?
— Pair) d CeLy a*(1 —e?)
N 4, . cos @
lgﬂal,RValr 3GMERqu2(1 +e COSf) <3 sin 2f 1>
‘ 401 _ 2\ 2
% 2a*(1 — €?) C..
qz cosf
167‘[80}1’1
(2.71)
GMg(1 + ecosf)?
_ (Pp = pair)dfycc a*(l —e?) cos 0 + q*r¥cosé
181, 3GMgRZ J>(1 + ecosf)’ (3 sin2f — 1) 167eom(R — r)*
2a4(1 — e2)* 2
GMg(1 + ecosf)’
a*(1 —e?)
2 2 4, . cosd
(/)p - /)air)deCL" | 3GMeR /(1 + e cosf) <3 sin*f — 1)
y 1873 RVair ‘ 2a4(1 — e2)* 2 c.
¢*r*cos &
l—e 16zeom(R — r)2
(2.72)

2.8 Discussion and Numerical Results

To proceed with our numerical calculation let us assume the following values for our
numerical parameters, i.e., all particles have den51ty pp=1,300 kg/m® [30], unless
range of densities is specified, 77,;; = 1.8 x 10~° kg/m/s, is the viscosity of the air,
Riachea = dirachea/2 =25 mm=12.5 mm [2], is the radius of the trachea,
A=1(0.8-1.0) x 1077 m is the air mean free path, and @ =2/x [19]. In Fig. 2.3 we
plot of the deposition probability on the surface of the Earth as a function of the
particle diameter d and density p, at geocentric latitude ¢ =90°, for particles with
diameters and densities in the range 1 pm<d<40 pm and
800 kg/m3 <p <2300 kg/m3, respectively. Similarly, for Mars the Cunningham
factor for particles of 1 pm in a CO, atmosphere is given to be Cy=
15 [4]. J,=0.0010826269 is the Earth’s harmonic coefficient, J, =0.001964
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o= 1000

5.x1

Fig. 2.3 Plot of the deposition probability on the surface of the Earth as a function of the particle
diameter d and density p, at geocentric latitude ¢ =90°, for particles of diameters d in the ranges
1 pm <d <5 pm and 1,000 kg/m? < p < 2,200 kg/m>, and residence time = 0.0272 s

(Vallado 2007) is Mars’ harmonic coefficient, Ry =3397.2 km is Mars’ radius,
My =6.4191 x 10* kg is its mass, with a flattering coefficient (Vallado 2007),
pm=0.02 kg/m® is Mars’ surface atmospheric density and viscosity, and finally
Nair = 1.47 x 107> kg/m/s [4] is Mars’ atmospheric viscosity. The deposition prob-
abilities between the poles and the equator for particles of density p, = 1,300 kg/m®
of various diameters d and residence time ¢ are related according to the relation

6413.7(3.2803 x 1073 +7.85859d° )e783714x10° (248 +(8.82+5x 107d)e7'857”“06") ‘

o |1z & .
Pr(f =90°) = — S S ——|Pe(¢ =0°).
6413.7(3.2803 x 107 + 7.816864" )~ 7-$5714x10 "(2,8 + (8.82 45 x 107d)e7#$5714x10 d)t
l—c &
(2.73)

Similarly, on Mars we find that

( 3.8742 x 10—32)
— 3.00435+—3 &t
1—e d
3.8742 x 10—32>
| d%

Py =0°). (2.74)
- (2.97821
1—e &’

Pyl = 90°) =
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Next, for the deposition rates on Earth and Mars we, respectively, obtain

328059 10*”) ( 7(1.26+ 0‘487'857]4“064))
1+ &t

—3.20685x 10" ( 7.85859+
( & 5% 10d

1—

D, (¢ =90°) = 1.00534 D,(¢p=0°),
(#=90 328050 x 103 [ 7(126+ 0467787110 (=0
1-e
(2.75)
( 3.8742 x 10*32) )
—6.28864x10° 297823 +————3— |dt
1—e d
D, (¢ = 90°) = 1.00001 TR Dy(¢p = 0°).
6.28864x 109 (2.97823 T) a2
1—e
(2.76)

From Table 2.1 we see that particles of a given density and diameter have a greater
deposition probability at the poles when compared with that of the equator. On the
surface of the Earth, and for a particles of diameter 1, 3, and 5 pm, density
1,300 kg/m>, and residence times #=0.0272 s we find the following percentage
differences for the corresponding deposition probabilities between the poles and the
equator to be 0.5 %, 0.4 %, and 0.2 %, respectively. Similarly, and for the same
particles a residence time # = 0.2 results to a percentage difference equals to 0.4 %,
0.02 %, and 0 % between the poles and the equator. From Tables 2.2 and 2.3 we find
that in circular and elliptical orbits around Earth, equatorial orbits i.e. i =0° result
to higher deposition probabilities than the polar orbits, i.e., i = 90°. In particular for
particles of the same diameter, density and residence time t=0.0272, 0.2 s we find
the following percentage differences —0.1 %, —0.08 %, —0.04 %, —0.09 %,
—0.007 %, 0 % and —0.17 %, —0.09 %, —0.05 % and —0.09 %, —0.006 %,
—0.0001 %, respectively. Furthermore, on the surface of the Earth and for the
same residence times and particles of diameters d=1, 3, 5 pm we find that the

Table 2.1 Sedimentation probability geocentric latitude effect for an experiment taking place on
the surface of the Earth and for particles of various diameters and density p = 1,300 kg/m’

Geocentric Particle Sedimentation Sedimentation
latitude ¢ [°] diameter d [pm] probability r=0.0272 s probability r=0.2 s
0 1.0 0.077080 0.445561

45 0.077277 0.446434

90 0.077475 0.447304

0 3.0 0.477816 0.991583

45 0.478722 0.991689

90 0.479624 0.991795

0 5.0 0.828767 0.999998

45 0.829572 0.999998

90 0.830372 0.999998
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Table 2.2 Sedimentation probability inclination and eccentricity effect for an experiment taking
place in a circular orbit above the Earth for particle of various diameters and density p = 1,300 kg/m’

Orbital inclination i [°] Particle Sedimentation Sedimentation
and eccentricity e =0 diameter d [pm] | probability t=0.0272's | probability r=0.2 s
0 1.0 0.0707827 0.4171340

45 0.0707096 0.4167970

90 0.0707020 0.4167620

0 3.0 0.4482460 0.9873800

45 0.4478950 0.9873210

90 0.4478580 0.9873140

0 5.0 0.8011340 0.9999930

45 0.8007890 0.9999930

90 0.8007590 0.9999930

Table 2.3 Sedimentation probability inclination and eccentricity effect for an experiment taking
place in an elliptical orbit above the Earth for particle of various diameters and density
p = 1,300 kg/m’

Orbital inclination i [°] Particle Sedimentation Sedimentation
and eccentricity e =0.1 | diameter d [pm] | probability r=0.0272's | probability r=0.2 s
0 1.0 0.07216880 0.4324970

45 0.07209280 0.4321500

90 0.07208500 0.4231140

0 3.0 0.45487800 0.9884530

45 0.45481700 0.9883970

90 0.45447900 0.9883910

0 5.0 0.80755900 0.9999950

45 0.80721200 0.9999940

90 0.80717600 0.9999940

deposition probabilities at the poles are related to those at the equator in following
way: P¢:90° =~ 1.005 P¢:0°, P(/):goD =~ 1.003 P¢:0° and. P¢:90° =~ 1.002 P¢:Q°.
In Earth circular and elliptical orbits of eccentricity e =0, 0.1 and for particles of
the same diameters as the ones given above we find that the deposition probabilities
are related in the following way: Pg—oo- = 0.998Py_q or Py_goc = 0.999 Py_o-
and P¢:9Q° =~ 0.999 P¢:0° and P(/,:90° = 0.999P¢:Q° OI'P¢:90° =~ 0.999 P¢:0° and
Py_ooc = Py—oc and for residence time t=0.0272 s and 0.2 s, respectively.
Similarly, Table 2.4 demonstrates that on the surface of Mars and for the same
particle diameters there is an approximately 0.9 % percentage difference between
the deposition probabilities at the poles and that at the equator. From Tables 2.5 and
2.6, we see that for particles of diameters d = 1, 3, 5 pm, of the same residence times
Martian circular and elliptical orbits at the orbital altitude 300 km with
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Table 2.4 Sedimentation probability geocentric latitude effect for an experiment taking place on
surface of the Mars and for particles of diameter d and density p = 1,300 kg/m>

Geocentric Particle Sedimentation Sedimentation
latitude ¢ [°] diameter d [pm] probability t=0.0272 s probability r=0.2 s
0 1.0 0.000509296 0.00373877

45 0.000511533 0.00375516

90 0.000513765 0.00377152

Table 2.5 Sedimentation probability geocentric latitude effect for an experiment taking place in a
Mars circular orbit and for particles of diameter d and density p = 1,300 kg/m3

Orbital inclination i [°] Particle Sedimentation Sedimentation

and eccentricity e =0 diameter d [pm] | probability t=0.0272' s | probability r=0.2 s
0 1.0 0.000431798 0.00317063

45 0.000431798 0.00317063

90 0.000431798 0.00317063

Table 2.6 Sedimentation probability geocentric latitude effect for an experiment taking place in a
Mars elliptical orbit and for particles of diameter d and density p = 1,300 kg/m*

Orbital inclination i [°]
and eccentricity e =0.1

Particle
diameter d [pm]

Sedimentation
probability 1 =0.0272 s

Sedimentation
probability t=0.2 s

0

45

90

1.0

0.00173888 0.0127155
0.00173888 0.0127155
0.00173888 0.0127155

Table 2.7 Sedimentation probability geocentric latitude effect for an experiment taking place in a
Mars elliptical orbit of high orbital eccentricity e =0.3 for particles of diameter and density

p = 1,300 kg/m®

Orbital inclination i [°] Particle Sedimentation Sedimentation

and eccentricity e =0.3 | diameter d [pm] | probability r=0.0272's | probability r=0.2 s
0 1.0 0.00173888 0.0190125

45 0.00173888 0.0190125

90 0.00173888 0.0190125

eccentricities, i.e., e =0, 0.1, respectively, result to similar relations for the depo-
sition probabilities i.e. Py—go> = Py—_45° = Py—o-. This demonstrates that the incli-
nation of the orbit does not really affect the deposition probability. On the other
hand if the eccentricity increases then the deposition probability increases as well.
On the surface of the Earth/Mars and also in orbit the sedimentation probability
becomes zero when anglef takes the following value (Table 2.7):
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0 — +cos-! ¢*R*x* (1 + 2f sin*¢ Jréfz sin¢) cos & 2.77)
meo(x — R)“Qy

where in the case of the Earth is equal to

Qp = 50.2655 GMg — 37.699 GMgJ,

~50.2655
+113.097GMgJ; cos 2 + R2a | cos2¢p [ +72sin*p(—150.796 + 50.2655f sin>f) | |.
+37.6991f sin 22

(2.78)

This angle is independent of the residence time ¢, the particle densityp, and the
particle diameter d and depends only on the planetary parameters indicated. Fur-
thermore, it is the same for any geocentric latitude on the Earth and Mars. Numer-
ically for Earth and Mars if the bending angle is equal to 6=+ 1.5708° the
deposition probability/deposition rate becomes equal to zero. On the Earth’s sur-
face the deposition probability becomes equal to one if the residence time of a
particle of diameter d,, takes the following value:

_ 184R
e = 0.55d
2oy —pa) (142 atpe 7
P Pp — Pair d a (S}
GM, 3GMgJ,(1 — 3sin?
2 E 2 2E el B 2¢) 0.0198944 4>
x Ri(1 —fsin¢) 2R (1 — fsin?¢) cosf +———5—cos¢
2 cos2 2 me(x — R)
—Rgwi cos “¢p(1 — f sin*¢h)
(2.79)

Similarly, zero deposition probability will imply that ¢, = 0. For particles of diameter
d=1 pm, and density p, = 1,300 kg/m® at the geocentric latitudes of ¢ = 0°, 45°, and
90° a deposition probability equal to one will require residence times #,.; = 0.764528,
0.762491, and 0.760468 s, respectively. Similarly, for a particle with diameter
d,=3 pm of the same density we obtain the following residence times
tres = 0.0943844, 0.0941329, and 0.0938832 s which make the deposition probability
equal to one. Thus we see that at the poles the required residence time is smaller than
that of the equator. Similarly, on the surface of Mars 1 pm particles result to deposition
probability equal to one if the residence time is given by the following expression:

184R

s 2 '
. 327 GMw____3GMw/a(1=3sin’) 0.0198944¢>
oy =par) (147 ) | | B —fusin?g) ~ 2R2(1—fysinig)? | cos0+=" =2 cose
—Ryvw? cos?g(1 —fysin’e) me(x—R)

tes =

(2.80)

For dust particles of diameter d=1 pm and mean free path is given by the following

T
expression: A =1.6 x 1073 (—) [23], where T is the absolute temperature in Kelvin,
p
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and p is the atmospheric pressure in Pascal. Taking the surface temperature and
pressure equals to 210 K and the 610 pa, we find that the mean free path
1=5.508 x 10°® m=5.508 pm. Therefore the corresponding residence times
become #,.=3.88128, 3.86430, 3.84751 s respectively. Finally, for an experiment
above a spacecraft in an elliptical orbit around Earth the residence time is given by

—— 18Ry
o 8GME cosO(1 + ecosf)2(2a2(1 _ e2)
(o — par) | L5 ~3/2R}(1 + ecosf)’ (sin*f sin’i — 1))
p\"p air nms(x _ R)Z a4(1 - 62)4

(2.81)

The electrostatic image force contributes an extra acceleration, that for particles of
diameter d =1 pm is equal to 1.891 x 10~ p gal, and increases significantly as the
particle diameter decreases. For a particle of the same density but with a diameter
d=0.0017 pm, the image force acceleration is equal to approximately 3,849 p gal.

Planetary geophysical parameters can be in principle calculated once a deposi-
tion rate can be measured. Using Eq. (2.63) and expanding the exponential to first
order we solve for J, once the particle concentration C,.q4 and rate of deposition
D are known or measured experimentally. Therefore we obtain

(Ao — Co)

] =
2 Bo

1 18BoRn% D
:tB— HysecOcos &+ 0 air

(2.82)
0 BoCcdﬁﬂair cos 49\/RCsedD (P> =)t

Similarly, for a given deposition rate and particle concentration Cy.4, Wwe can obtain
solutions for particle diameters d,,. Solving Eq. (2.63) we obtain the following real
solution:

1/4
RD
dy =73 V 2’7air
’ Coeat(p — pair)z(CC(AO — BoJy — Co) cos 0 + C.H cos 25)
(2.83)
where
GM
Ag = £ (2.84)

R (1 —fsin2¢)”
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_ 3GMg(3sin%¢p — 1)

— 2.85

T 2R (1—fsin2g) (2:85)

Co = R,,w;(1 —fsin*¢) cos ¢, (2.86)
2.2

a7 (2.87)

0 16megmy (Ry — r)z-

In Fig. 2.3 we plot of the deposition probability on the surface of the Earth as a
function of the particle diameter d and density p,, at the geocentric latitude ¢ = 90°,
for particles with diameters and densities in the range 1 pm <d, <5 pm and
1,000 kg/m3§ Pp <2,200 kg/m3 and residence time 1=0.0272 s. The deposition
probability increases gradually as the diameter and the particle density increases
starting at diameter d,~ 1 pm and p = 1,000 kg/m>. Similarly, in Fig. 2.4 we plot
the deposition probability as a function of the particle diameter dj, and geocentric
latitude ¢ for particles of diameters in the range 1 pm < d, <5 pm on the surface of
the Earth for the residence time t=0.2 s. We find that the deposition probability
gradually increases starting at dj, ~ 1.5 pm approaching the higher value plateau but
does become not one as the diameter of the particles increase. Therefore, particles
in the range of 2 pm and above have a grater deposition probability to be affected by
sedimentation, and therefore can end up easily down in the tracheal path. In Fig. 2.5
we plot of the sedimentation probability on the surface of the Earth as a function of
the particle diameter d, and geocentric latitude ¢ for particle diameters and
densities in the range 1 pm <d,<1.0013 pm for residence time t=0.2 s.

5.x10°

Fig. 2.4 Plot of the deposition probability on the surface of the Earth as a function of the particle
diameter d and density p, at geocentric latitude ¢ = 90°, for particles of diameter d in the ranges
1 pm <d <5 pm and densityp in the range 1,000 kg/m3 <p<2,200 kg/m3, and residence time
t=02s
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Fig. 2.5 Plot of the deposition probability on the surface of the Earth as a function of geocentric

latitude ¢ for particles of various diameters in the range 1 pm <d <1.0013 pm of density
p=1,300 kg/m3, and residence time t=0.2 s
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Fig. 2.6 Plot of the deposition probability on the surface of the Earth as a function and geocentric
latitude ¢ for particles of diameters 2 pm, densityp = 1,300 kg/m3, and residence time t=0.2 s

This figure exhibits the periodic nature of the deposition probability as a function of
geocentric latitude when the particle diameter increases by 0.0013 pm, being larger
at ¢ =90° and smaller at ¢ = 0°. In Fig. 2.6, we plot of the deposition probability on
the surface of the Earth as a function of the geocentric latitude ¢ for particles of
diameters 2 pm, density p = 1,300 kg/m°, and residence time r=0.2 s. We find a
difference of 0.0006 in the probability of deposition between the latitudes of 90° to
0°. In Fig. 2.7 we plot the deposition probability for an experiment taking place
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5,10 1000

Fig. 2.7 Plot of the deposition probability in an experiment taking place in spacecraft in a circular
polar orbit ¢ =0 and i =90", 300 km above the surface of the Earth as a function of the particle
diameter d and density p for particles of diameters d in the ranges 1 pm <d <5 pm and density
in the range 1,000 kg/m3 <p <2,200 kg/m3, and for residence time t=0.2 s

300 km above the surface of the Earth in a circular polar orbiti.e. e=0and i = 90,
as a function of the particle diameter d and density p for particles of diameters in the
ranges 1 um <d <5 pm and density in the range 1,000 kg/m? < p < 2,200 kg/m?,
and residence time r=0.2 s. We find that the sedimentation probability increases
significantly for particles of diameters d > 1.4 pm, reaching a plateau at approxi-
mate diameters d > 3.4 um and for the given density range. In Fig. 2.8 we plot the
deposition probability in a spacecraft experiment 300 km above the surface of the
Earth in a circular equatorial orbit ¢ =i =0, as a function of particle diameter and
density and for particles in the diameter in the ranges 1 pm <d <5 pm and
1,000 kg/m3 <p <2200 kg/m3 and residence time t=0.2 s. We find that the
deposition probability increases for particles with diameter d > 1.5 pm reaching
gradually a plateau with values less than one at higher densities. In Fig. 2.9 we plot
deposition probability as a function of residence time ¢ and particle diameter d, for
particles of densities 1,300 kg/m?, in an experiment taking place in a circular orbit
of inclination i =45° We find that a plateau of higher probabilities is reached at
d~3 pm as the residence time increases. In Fig. 2.10 we plot of the deposition
probability for an experiment taking place 300 km above the surface of the Earth in
a elliptical polar orbit of eccentricity e = 0.1, as a function of the particle diameter
d, and spacecraft’s orbital true anomaly f, and residence time = 0.2 s and density
p=1,300 kg/m’. We find that the deposition probability demonstrates a week
periodicity in the true anomaly and reaches a plateau of higher probability values
for particles of diameter d ~4 pm. In Fig. 2.11 we plot the deposition probability
for an experiment taking place 300 km above the surface of the Earth in a highly
eccentric elliptical polar orbit of eccentricity e =0.38, as a function of the particle
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Fig. 2.8 Plot of the deposition probability in an experiment taking place in spacecraft in a circular
equatorial orbit e =0 and i =0, 300 km above the surface of the Earth as a function of the particle
diameter d and density p, for particles of diameters d in the ranges 1 pm <d <5 pm and density in
the range 1,000 kg/m® <p < 2,200 kg/m?, and for residence time r=0.2 s

0.20

Fig. 2.9 Plot of the deposition probability in an experiment taking place in spacecraft in a circular
orbit e =0 and i =45 , 300 km above the surface of the Earth as a function of the particle residence
time ¢, and diameter d, particle density used p = 1,300 kg/m>

diameter d, and spacecraft’s orbital true anomaly f, and for the residence a time
t=0.2 s and for particles of densityp = 1,300 kg/m>. We find that that the deposi-
tion probability exhibits a strong periodicity in the true anomaly f, between the true
anomaly values of 80° <f<300°, reaching a probability plateau at particle diam-
eters d >4 pm. Next, in Fig. 2.12 we plot of the deposition probability for an
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Fig. 2.10 Plot of the deposition probability for an experiment taking place 300 km above the
surface of the Earth in a elliptical polar orbit, as a function of the particle diameter d, and
spacecraft’s orbital true anomaly f, eccentricity used e = 0.1, residence time r=0.2 s and particle
density p = 1,300 kg/m>

4.x10°8
é((m]

Fig. 2.11 Plot of the deposition probability for an experiment taking place 300 km above the
surface of the Earth in a elliptical polar orbit, as a function of the particle diameter d, and
spacecraft’s orbital true anomaly f, orbital eccentricity used e = 0.38, residence time ¢t =0.2 s for
particle density p = 1,300 kg/m’

experiment taking place 300 km above the surface of the Earth as a function of the
spacecraft’s orbital true anomaly f and eccentricity e and for the residence time
t=0.2 s for particles of density p=1,300 kg/m>. We find that the deposition
probability demonstrates a periodic effect in the true anomaly effect. The effect
demonstrates a plateau effect that is bounded by specific values of the true anomaly
namely 20° <f<80° and 160° <f<340°, and for values of eccentricity in the
range 0.6 < e <0.8 and higher. In Fig. 2.13 we lot of the deposition probability as a
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Fig. 2.12 Plot of the deposition probability for an experiment taking place 300 km above the
surface of the Earth in a elliptical polar orbit, as a function of the spacecraft’s orbital true anomaly
£ and eccentricity e for residence time t=0.2 s and densityp = 1,300 kg/m*

Fig. 2.13 Plot of the 10F
deposition probability as a

function of orbital 0.9
eccentricity e in an

experiment taking place in a 0.8F
spacecraft 300 km above the 3
surface of the Earth in a a® 0.7
elliptical polar orbit for

particles of diameters 0.6}
blue =1 pm red =2 pm and

density p = 1,300 kg/m® 0.5

function of orbital eccentricity e in an experiment taking place in a spacecraft
300 km above the surface of the Earth in elliptical polar orbits for particles of
diameters blue = 1 pm, red =2 pm and density p = 1,300 kg/m>. We find that for
the same residence time = 0.2 s the deposition probability increases with particle
diameter d and eccentricity e. In particular for particles of diameter 1 um the high
probability plateau is reached for eccentricities in the range 0.7 <e <0.8 and
higher, and for particles of 2 pm in diameter in the range 0.6 <e <0.8. Next in
Fig. 2.14 we plot of the deposition probability as a function of orbital eccentricity
e for particles of diameters d=3 and 3.5 pm of the same density. We find that
increasing eccentricity increases the deposition probability for the particles of the
above diameters. Larger diameters reach a constant higher probability plateau at
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Fig. 2.14 Plot of the deposition probability as a function of orbital eccentricity e in an experiment
taking place in a spacecraft 300 km above the surface of the Earth in a elliptical polar for particles
of diameters magenta =3 pm and red = 3.5 pm and density p = 1,300 kg/m’

06F ' ;
05F ]
0.4}

?

o® 0.3

0.2
01} 3

0.0k

Fig. 2.15 Plot of the deposition probability as a function of orbital inclination 7 in an experiment
taking place in a spacecraft 300 km above the surface of the Earth in a elliptical polar orbit of
eccentricity e = 0.1 for particles of the same diameter d = 1.3 pm and density p = 1,300 kg/m?, and
corresponding residence times t=0.0272, 0.2, and 0.5 s, respectively, from the bottom up
d=13pm

smaller eccentricities. In Fig. 2.15 we plot the deposition probability as a function
of orbital inclination  in an experiment taking place in a spacecraft 300 km above
the surface of the Earth in a elliptical polar orbit of eccentricity e = 0.1 for particles
of the same diameter d= 1.3 ym and density p = 1,300 kg/m?, and corresponding
residence times t = 0.0272, 0.2, and 0.5 s, respectively, from the bottom up. We find
that the orbital inclination does not affect the deposition probability which appears
to be constant for the various residence times indicated. Next, in Fig. 2.16 we plot of
the deposition probability on the surface of the Mars as a function of the particle
diameter d and density p, at areocentric latitude ¢ =90°, for particles in the
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Fig. 2.16 Plot of the deposition probability on the surface of the Mars as a function of the particle
diameter d and density p, at areocentric latitude ¢p = 90°, for particles in the diameter/density range
of 1 pm <d <5 pm and 1,000 kg/m® < p < 2,200 kg/m® and residence time 7 =0.2 s respectively

Fig. 2.17 Plot of the deposition probability on the surface of the Mars as a function of the particle
diameter d and density p, at areocentric latitude ¢ = 90°, for particles in the diameter/density range

of 1 pm <d <5 pm and 1,000 kg/m3 <p<2,200 kg/m3 and residence times t=0.2, 3, and 5 s,
respectively

diameter range of 1 pm <d <5 pm residence time t=0.2 s and density 1,300 kg/
m’. We find that at the areocentric latitude of 90 the deposition probability
increases with particle diameter d and density p in a much slower way that the
corresponding Earth one. In Fig. 2.17 we plot of the deposition probability on the
surface of the Mars as a function of the particle diameter d and density p, at
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Fig. 2.18 Plot of the deposition probability on the surface of the Mars as a function of the particle
diameter d and density p, at areocentric latitude ¢ = 45°for particles for particles in the diameter/
density range of 1 pm <d <5 pm and 1,000 kg/m3 <p<2,200 kg/m3 and residence times r=0.2,
3, and 5 s, respectively

areocentric latitude ¢ = 90°, for particles in the diameter range of 1 pm <d <5 pm,
density 1,300 kg/m3 and residence time t = 0.2, 3, and 5 s, respectively. We find that
higher particle diameters combined with high densities and higher residence times
can easily ensure deposition probabilities that can be equal to one. For example a
residence time of 5 s can easily ensure Pg.p, = 1.0 if the density and diameter are
high enough. Figure 2.18 we plot the deposition probability as in Fig. 2.16 but for
the areocentric latitude of 45° demonstrates a similar behavior at a lesser degree. In
Fig. 2.19, we plot deposition probability versus particle diameter and density and
for exactly the same particles with diameter and density ranges of 1 pm <d <5 pm
and 1,000 kg/m3 <p <2200 kg/m3, respectively. We find that circular orbits result
to a smaller deposition probabilities with a plateau that has a max probability range
of approximately half of that of the elliptical orbits. In Figs. 2.20 and 2.21 we plot of
the deposition probability on the surface of the Mars as a function of the particle
diameter d and density p, in an experiment taking place in a spacecraft 300 km
above the surface of Mars in a elliptical polar orbits of orbital inclination i =90°,
and eccentricities e =0.1, 0.4 and residence time t=0.2, 3, and 5 s, respectively.
We find that the higher inclination considerably affects particle of large diameter/
density that fall for higher residence times. Higher residence times reach a proba-
bility plateau at small particle diameters. In Fig. 2.22 we plot of the deposition
probability on the surface of Earth and Mars as a function of particle density p for
the geocentric and areocentric latitude ¢ =45° and for particles with diameters in
the range 1, 2, 3, and 4 pm for residence time t=0.2 s. The bottom bundle of
straight lines corresponds to Martian deposition probabilities where the upper
bundle corresponds to Earth deposition probabilities that are significantly higher
when compared to the Martian ones. Figure 2.23 gives the deposition rate in an
experiment taking place on the surface of Earth as a function particle density p and
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Fig. 2.19 Plot of the deposition probability on the surface of the Mars as a function of the particle
diameter d and density p, in an experiment taking place in a spacecraft 300 km above the surface of
Mars in a circular polar orbit of orbital inclination i =90°, eccentricity e =0, and residence time
t=0.2, 3, 5 srespectively, and for particles in the in the diameter/density range of 1 pm <d <5 pm
and 1,000 kg/m°® < p < 2,200 kg/m®

1000
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Fig. 2.20 Plot of the deposition probability on the surface of the Mars as a function of the particle
diameter d and density p, in an experiment taking place in a spacecraft 300 km above the surface of
Mars in a elliptical polar orbit of orbital inclination i = 90°, eccentricity e = 0.1 and residence time
t=0.2, 3, 5 s respectively, respectively, and for particles in the diameter/density range of
1 pm <d <5 pm and 1,000 kg/m® < p < 2,200 kg/m*
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Fig. 2.21 Plot of the deposition probability on the surface of the Mars as a function of the particle
diameter d and density p, in an experiment taking place in a spacecraft 300 km above the surface of
Mars in a elliptical polar orbit of orbital inclination i = 90°, eccentricity e = 0.4 and residence time
t=0.2, 3, and 5 s, respectively, and for particles in the diameter/density range of 1 pm <d <5 pm
and 1,000 kg/m’® < p < 2,200 kg/m®
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Fig. 2.22 Plot of the deposition probability on the surface of Earth and Mars as a function of
particle density p for the geocentric and areocentric latitude ¢ =45° for particles of diameters in
the range 1 pm <d <4 pm for residence time t=0.2 s. The bottom bundle of straight lines
corresponds to Mars
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Fig. 2.23 Plot of the deposition rate in an experiment taking place on the surface of Earth as a
function particle density p and particle concentration C for particles of diameter d =1 pm and
residence times = 0.0272, 0.2 s correspondingly
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Fig. 2.24 Plot of the information content required in an experiment taking place on the surface of
Earth at geocentric latitude ¢ =90 as a function particle diameter d for particles of density
p = 1,300 kg/m’

particle concentration C for particles of diameter d=1 pm and residence time
t=0.0272, 0.2 s. Higher residence times result to higher deposition rates at higher
deposition coefficients and densities. For a t =0.2 s deposition plateau it’s reached
at about 0.10 particles/m” s bounded by the density and particle concentration
ranges of 2,100 kg/m®<p<2,500 kg/m® and 0.6 <C <0.8 respectively. In
Fig. 2.24 we plot the information content required in an experiment taking place
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on the surface of Earth at geocentric latitude ¢ =90 as a function particle diameter
d,, for particles of density p =1,300 kg/m®. Similarly, in Fig. 2.25 we plot of the
information content required in relation to particles of diameter d,, in a deposition
probability experiment on the surface of Mars as a function particle diameter dp,
Furthermore, in Fig. 2.26 we plot of the information content required in an
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Fig. 2.25 Plot of the information content required in relation to particles of diameter d in the

sedimentation probability experiment surface of Mars as a function particle diameter d particles of
density p = 1,300 kg/m>
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Fig. 2.26 Plot of the information content required in an experiment taking place at various
geocentric latitudes on the surface of Earth as a function particle density p
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Fig. 2.27 Plot of the information content required in an experiment taking place on the surface of
Earth as a function the acceleration of gravity g in the range of geocentric latitude ¢ =0 —90

experiment taking place on the surface of Earth as a function particle density pp. In
Fig. 2.26 we plot the information content required in an experiment taking place at
various geocentric latitudes on the surface of Earth as a function particle density p.
Finally, in Fig. 2.27 we plot the information content required in an experiment
taking place on the surface of Earth as a function the acceleration of gravity g in the
range of geocentric latitude ¢ =090 .

For residence time #=0.2 s and particles of diameter d,, = 1 pm on the surface of
the Earth the deposition rates numerically become

Dy—o = 0.262792C, (2.88)
Dy_sse = 0.264010C;, (2.89)
Dj—op- = 0.265228C;. (2.90)

For residence time t = 0.2 s and particles of diameter d, = 5 um on the surface of the
Earth the deposition rates numerically become

Dy—o = 12.9759C, (2.91)
Dy_ys = 13.0106C,, (2.92)
Dy—op- = 13.0452C;. (2.93)

For residence time r=0.2 s and particles of diameter d, =1 pm on the surface of
Mars the deposition rates numerically become
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Dy—or = 1.74163 x 107°C;, (2.94)
Dysse = 1.74164 x 107°Cy, (2.95)
Dyj—gor = 1.74165 x 107°C;. (2.96)

For both Earth and Mars and for a particular concentration Cg we find that the
deposition rate is higher at the poles comparing to that of the equator. In reference
to a spacecraft environment, we say that the atmosphere of spacecraft will contain
aerosols (both biological and non-biological) in concentrations which represent the
balance between the rates of aerosol particle generation and particle removal by
various processes. Physically, the microbial particles while suspended will behave
similarly to other particles of various sizes, and at this point there is no need to
distinguish about their generation and translocation. In fact, it can be expected that
viable microbial particles will physically adhere to nonviable material quite often.
During spaceflight there will be the transfer of microbes between crew members.
Microbial exchange commonly occurs amongst astronauts. Several bacterial asso-
ciated diseases were experienced by the crew in Skylab 1 [31]. The microbial
contamination in the Skylab was found to be very high. Staphylococcus aureus
and Aspergillus spp. have commonly been isolated from the air and surfaces during
several space missions. During one mission an increase in the number and spread of
fungi and pathogenic streptococci were found in many American Spacecrafts
[26]. This constitutes an important issue for future extended missions in the
Moon or Mars. This consideration could be of particular importance at filter
surfaces or in impinger fluids because the nonviable material may serve as substrate
permitting the growth of large microbial concentrations on these surfaces. In
microgravity conditions it might be necessary to redefine the term “aerosol.”
Aerosols consist of particles suspended in gas, and the particles are small enough
to stay in suspension for appreciable periods of time. In microgravity, this distinc-
tion disappears. However, in the atmosphere of the spacecraft there is still an
important difference between the behavior of large and small particles. The small
particles have a relatively ratio of surface-to-mass ratio, and as a result, move
through the atmosphere primarily by the influence of viscous drag forces. Large
particles, on the other hand, are affected primarily by inertial forces, and are
relatively unresponsive to gas flows at moderate velocities. In addition to small
particles characteristic of aerosols, the atmosphere of the spacecraft may at times
contain relatively large objects from food or equipment. Some of these could lodge
in various locations and become potential microbial growth sites. Debris also may
enter the equipment used for aerosol control, and interfere in the operation of that
equipment. This problem is not encountered in dust collectors in gravitational
fields. Coarse objects settle out in the air. In designing aerosol control equipment
for the spacecraft environment special attention must be given to means for
excluding coarse debris and avoiding interference from this source. Air environ-
ments can be important in the dissemination of microbial cells. These are cells, of
various sizes that vary in size from a few microns to a fraction of a micron, become
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suspended in air through a variety of mechanisms. The organisms once suspended
remain in air for long periods of time and they can be dispersed over a wide area by
atmospheric diffusion. For example a microorganism with diameter d =1 pm, i.e.,
the size of some bacteria, settles downward in the air at a rate of only 0.217 m/h or
3.52 x 10™° m/s. Furthermore, small air currents such as those caused by thermal
convection are sufficient to propel them in the absence of gravitational attraction. In
a spacecraft atmosphere a certain portion of the organisms suspended will remain
viable and these organisms can be transported from the interior of space suits and
carried by cabin air currents originating from the function of the Environmental
Control Systems (ECS) as well as from the motion of the crew. In the absence of
gravity, aerosol particles are effectively removed from suspension by contacting a
fixed surface to which they are held by mechanical restraint and by chemical or
physical interaction. Cabin aerosol particles will move toward the walls and other
exposed surfaces at a rate which depends on several factors. The most important
driving force will be furnished by the “air” currents which can easily reach random
local velocities of several cm per second. Small particles will be carried about by
the gas at essentially the same velocities. Statistically, a certain fraction of the
particles per unit time will approach a surface closely enough for the particle to be
“captured” and held by surface attractive forces. The removal of particles on certain
sections of the walls can be increased by increasing the “sticking” probability. This
may be accomplished by providing an adhesive surface or by using a dielectric
material which readily builds up high electrostatic charges. It might also be possible
to utilize the “thermal precipitation” effect, whereby small particles are preferen-
tially deposited on a surface which is maintained colder than surroundings. Further
detailed study is needed to determine the advantages of inducing such deposits of
aerosols on selected portions of the surface of a space vehicle cabin. The problems
of inhibiting microbial growth on the surface and of determining relative collection
efficiencies need to be considered in relation to the corresponding problems
involved in the use of conventional particle collectors. Inhalation of particles
generated as a result of thermal degradation from fire or smoke, as may occur on
spacecraft, is of major health concern to space-faring countries. Knowledge of lung
airflow and particle transport under different gravity environments is required to
addresses this concern by providing information on particle deposition. Similarly
deposition of inhaled lunar dust particles will be very important in the case of future
moon missions. The extent of the inflammatory response in the lung will depend on
where the Lunar and Mars dust particles are deposited. During 1 g deposition in the
more central airways will reduce the transport of the fine particles in the periphery
of the lung. On the other hand the fractional gravity of the Moon and Mars will
deposit the inhaled particles in more peripheral lung regions. Moon’s less gravity
will also result in a smaller sedimentation rate. As a result fine dust particles will
deposit in the alveolar lung region, exacerbating the potential for the lung damage.
Lunar dust is known to have a large surface area (i.e., it is porous), and a substantial
portion is in the respirable range. The surface of the lunar dust particles is known to
be chemically activated by processes ongoing at the surface of the moon.
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An alternative framework for the study of gravitational effects in biology, and in
particular the interaction of gravity and the respiratory system is the introduction of
information. The introduction of this different approach discussed below requires a
detailed description of Shannon linear model of communication, and details on the
theory of information and cybernetics which can be found in several references
such as [1, 27, 28]. In order to formalize the gravity role in the sedimentation
process and to help the reader follow the rationale behind it, we provide some
interpretations proper to Shannon information model. Information theory, which
was originally developed for use in telecommunications, has in recent years been
increasingly applied to analyzing biological signaling pathways to answer relative
biological questions [22]. For Shannon, anything is a source of information (in our
case, the respiratory system of the human organism) if it has a number of alternative
states (in our case, states of gravitational interaction) that might be realized on a
particular occasion and the method of encoding is based on the presupposition. It is
necessary to process, or encode information from a source (in our case the encoder
is the gravitational field and the encoding is done through the gravitational accel-
eration formula which codifies all changes of gravitational interaction) before
transmitting it through a given channel. According to Shannon information pre-
supposes the existence of a signal probability, where the signal can be described via
a stochastic distribution function [28]. Furthermore, this signal propagates through
communicational channels [28]. With reference to the communication channel we
say, that this constitutes a composite channel (particles, environment, respiratory
system as well as the physiology of the system), where a way of transportation of
the signal is the sedimentation (itself), among which the basic regulatory parame-
ters are gravity itself as well as the rest of the variables.

Even though there is still no final definition of the term information, according to
Stonier [29] “information exists” and regulates various parameters of the system
that they are impossible to be described in a deterministic model, as well as its not
possible to quantify via a stochastic model (e.g., in the case of the respiratory
system these factors could be the structural form, variation in lung capacities,
coordination of muscles for controlling breathing, exchange gases with the circu-
latory system). The net effect of these parameters can be modeled in the theory of
information. According to Shannon [28] information is transferred with an allow-
able degree of noise. Shannon allows the introduction of noise in the interaction of a
biological organism and environment, where noise accounts for biological envi-
ronment variation [3, 22, 32].

In this paper we do not quantify the effect of noise according to Shannon’s rate
distortion theory, but we study how information or the self-information of the
system can be reflected and codified via gravity in the natural phenomenon of
sedimentation, taking into account that the respiratory system is itself a decoder
of the information transmitted and contained in the system of the human body.
A decoder is a device which does the reverse operation of an encoder, undoing the
encoding so that the original information can be retrieved. In our case the decoder is
the respiratory system. Next, according to Shannon, we consider the probability of
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sedimentation P.q4 to be a random variable and remind the reader that according to
Shannon the amount of the information content, given in [20]

I(x = a;) = —log,[P(x = a;)], (2.97)

is a sensible measure of the information content of the outcome x = a;. Therefore,
let us consider that the sedimentation is the random variable and that the amount of
information content associated with the sedimentation of dust particles in the
respiratory system is

(pp - pair)dch

- ( 18 R tg cos 6)
I(Psea) = —logy(Psea) = —log, [1 —¢ i bits, (2.98)

from which we can also obtain that the dependence of the acceleration of gravity
itself on the amount of information content is given by

2.2
qr-cosé 184R sec 6 _
g(l) = 5 —log(1—27"). (2.99)
167emy(r — R)?  Ce(pp — puir)dt

Next, g = g(I) since sedimentation is taking place but also since this sedimentation
connects to the acceleration of gravity. The fact that the two variables are correlated
is manifested on the phenomenon of sedimentation. Therefore, the spatial-temporal
conditions (gravity, time, etc.) serve as substrate for the correlation of gravity g and
information /. In the case of a dust particle that has diameter d = 1 pm and density
p=1,300 kg/m3 on the surface of the Earth, we obtain that the information related
to the sedimentation has a dependence on the acceleration gravity g that is given by
the equation below:

=1 44271n(1 . e—0.000377267(348742><10’14+0.80411g)> (2.100)

From Eq. (2.85) we that if the acceleration of gravity g changes the probability of
sedimentation and therefore changes the information contained in the random
variable, as it is decoded by the pulmonary system. Thus we say that the pulmonary
system is a receiver and a decoder of information. Therefore, the environment is the
sender as it sends information on the human body, in other words the biophysics of
sedimentation equals to the a communication channel. This communication chan-
nel can be designed and based on parameters such as gravity to change. Therefore
gravity in our case controls how to transmit the information signal. The pulmonary
system is the biological decoder in which information is received and as primordial
information it interacts with the structural information of the system, producing a
new kind of information which could be interpreted as a kind of meta-information
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information of the interaction. This can be thought as a way in which gravity enters
the cognitive processes of the system (processing of information) in the cybernetic
sense. The “Shannon” approach to sedimentation is a new different approach that is
related to the main approach adopted in the paper through the probability of
sedimentation. This is a first step towards an approach that aims in a deeper
understanding and mathematical and structural description of information
processing in human organisms in variable gravitational background.

Conclusions

We have studied the effect of the acceleration of gravity on the deposition
probability due to sedimentation. In doing so, on the surface of the Earth and
Mars we have corrected the acceleration of gravity for the zonal harmonic
coefficients of both planets as well as for their rotation. On the surface of the
Earth/Mars, have found that deposition probability due to sedimentation at
the poles is higher that that at the equator. For 1 pm particles of density
1,300 kg/m? with residence time of 0.2 s exhibit a 0.4 % percentage differ-
ence, where on Mars the corresponding percentage difference is 0.9 %. When
orbiting around a planet equatorial orbits result to higher deposition proba-
bilities than the polar ones. In particular for a spacecraft orbiting at 300 km
above the Earth in a circular orbit we find that 1 pm particles with
corresponding residence times of 0.0272 and 0.2 s exhibit —0.1 and
—0.09 % percentage difference in the deposition probabilities between
polar and equatorial orbits. Similarly elliptical orbits of eccentricity e =0.1
exhibit a percentage difference equal to —0.17 % and —0.09 %, respectively.
On the surface of Mars and for the residence time of 0.2 s the deposition
probability of 1 um particles demonstrates an approximately 0.9 % percent-
age difference between poles and the equator. Similarly, and for the same
particles there is a 0 % difference between circular/elliptical polar and
equatorial orbits. We have also found that high eccentricity elliptical orbits
result to higher deposition probabilities. Finally, as an alternative framework
for the study of interaction and the effect of gravity in biology the term
information according to Shannon has been used, and in particular gravity
and respiratory system. This can be thought as a way in which gravity enters
the cognitive processes of the system (processing of information) in a
bio-gravitational cybernetic sense, introducing the possibility of a multidis-
ciplinary approach of the study of the effects of gravity on humans. This may
be important also because it could open interesting perspectives to project
new kinds of missions having both biological and fundamental physics and
bio-engineering goals.
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