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Abstract

qualitatively and quantitatively.

In recent years in particular, the detrimental impacts of dust storms around the world has become a matter of much
concern. In this phenomenon, the movement of fine particles may fall into two categories of dry and wet depositions.
It is a common practice to model dust deposition by a network of various resistances as it facilitates to characterize
the impact of each mechanism on the overall rate of dry deposition. In this study, fewer assumptions are considered
in comparison to previous models. The proposed model covers a wider range of conditions and also includes the
impact of thermophoresis. Moreover, the complicated calculations of atmospheric stability and wind friction velocity are
replaced with a simpler algorithm by using the meteorological data such as wind speed. The reliability of the modified
deposition model is confirmed when compared with the available field data from the literature with good agreement both
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velocity

Nomenclature

C: Air pollutant deposition, mole/m* C: Cunningham coefficient,
dimensionless; C,: Drag coeflicient, dimensionless; CF: Correction
factor for wind speed, dimensionless; CP: Air specific heat coeflicient,
J/kgK; d: Particle diameter, m; d : Zero plane displacement level, m;
DP: Particle diffusivity, m*/s; F: Air pollutant deposition flux, mole/m*
s; g: Gravitational acceleration, m*/s; kB: Boltzmann constant, J/s; Kn:
Knudson diameter, dimensionless; K : Thermophoretic coefficient,
dimensionless; L: Monin-Obukhov length, m; Pr: Prandtl Number,
dimensionless; Q: Turbulent heat flux, W/m? R: Aerodynamic
resistance, s/m; R : Laminar sub-layer resistance, s/m; R: Canopy
resistance, s/m; R : Gravitational settling resistance, s/m; R: Total dry
deposition resistance, s/m; R,: Thermophoretic resistance, s/m; Re:
Reynolds number, dimensionless; Sc: Schmitt number, dimensionless;
St: Stokes number, dimensionless; T,: Air temperature, K; u(z): Wind
speed at height z, m/s; u: Wind speed at 10 m height, m/s; u: Wind
friction velocity, m/s; v,: Dry deposition velocity, m/s; v : Gravitational
settling velocity, m/s; V! Thermophoretic velocity, m/s; z: Atmospheric
height, m; z; Roughness height, m; §: Thickness of laminar sub-layer,
m; k: von-Karman constant; A: Mean free path of air molecules, m; p:
Dynamic viscosity of air, Pa.s; v: Kinematic viscosity of air, m?/s; p: Air
density, kg/m’; p : Particle density, kg/m’; VT: Temperature gradient of
air, K/m; v : Atmospheric stability function, dimensionless

Introduction

A suspension of fine solid particles or liquid droplets in a gas is
known as a particulate matter or an aerosol [1]. When small solid
particles are transported from the surface of the earth to the air by
means of natural forces such as wind blowing or volcanic eruption,
then the resulted phenomenon is known as dust [2]. One of the primary
tropospheric aerosol components is soil-derived dust [3].

Dust aerosols change the climate patterns in several ways such as
acting as nuclei of cloud condensation [4]. The dispersion of dust would
also profoundly influence the earth energy intensity by absorption and
scattering of the incoming sunlight and its reflection both directly and
indirectly from the earth surface [5,6]. Dust contains particles with the
sizes from about submicron to more than ten microns [7-9] reported
that dust particle size and other physical and chemical properties have

been studied but the findings somewhat differ. According to numerous
studies, the global dust storms would consist of 59.99% SiO,, 14.13%
AlZO3, 6.85% Fe,0,, 3.94% CaO, 2.60% MgO and 2.35% K,0 [10]. Dust
particles, due to very small sizes, may cause severe respiratory diseases
or exacerbate the problem.

The lifecycle of the dust storms can be divided into three main
parts: formation, movement (with air flow) and deposition. Deposition,
in turn, occurs through two general different categories of dry and wet
depositions [11]. In the latter, the deposition would be initiated by
precipitation while for the former, there is not any precipitation [12].
Dry deposition includes sub-processes such as turbulence diffusion,
gravitational settling, and surface collection [13]. The quantification
and modelling of these sub-processes are sophisticated since they
depend on many variables such as meteorological conditions (e.g. wind
speed and atmospheric stability), particle properties (e.g. size, shape and
density) and the surface characteristics (e.g. roughness). Accordingly,
Wang et al. [4] stated the need for better quantification and modelling
of aerosol dust deposition for effective control of such phenomenon.
To ease the problem, most researchers used a common terminology as
dry deposition velocity, v, [14-19]. This parameter is important because
it relates the vertical flux to the measured concentration of dust for
different heights.

A series of experimental analyses performed by Pellerin et al. [20]
on deposition of aerosol particles in the range of 2.5 nm to 1.4 um
using a method based on eddy correlation. It was concluded that some
important parameters influence the aerosol particle deposition such as
friction velocity of the wind, surface sensible heat flux and atmospheric
stability. They used the resistance model of dust storm deposition
velocity to interpret the results.
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For calculation of the dry deposition velocity, the vertical height of
atmosphere is divided into two main layers of i) the vicinity layer to the
surface which has a thickness of less than one centimeter also named
as the laminar sub-layer and ii) the upper layer called the constant flux
layer [21,22]. This classification makes it easier to model the deposition
process. In general, the deposition process of any type of air pollutants
(gases and particles) contains three stages of:

i) Turbulent transport by eddy diffusion from the constant flux
layer to the laminar sub-layer,

ii) Molecular diffusion in laminar sub-layer which causes the
pollutants to get closer to the surface,

ii) Finally, up taking or bouncing off at the surface [23].

As mentioned before, modeling of dust deposition is complex
and previous models are subject to numerous drawbacks such as poor
assumptions as they will be elaborated in the following sections. In
this study, in order to revamp the previous models, based on more
recent studies, new corrections are proposed to improve the deposition
model and also to extend its applicability to a wider range of operating
conditions. The new proposed model or simply "Modified resistance
model" is characterized with better compatibility with the field data
which can also be applied to every particle regardless of its size. The
thermophoresis, which is due to existence of temperature gradient in
the fluid bulk, is also added to the resistance network of deposition
and the effects of temperature inversion in the surface layer are further
considered. Furthermore, a new simple method to calculate the wind
friction velocity based on the wind speed data is included in the
proposed model.

Background and Theory

Properties in terms of size, shape, morphology and density would
profoundly influence the deposition of particles. As for the large
particles, gravitational settling or inertia are among the most important
deposition mechanisms. On the contrary, for gases as well as very fine
particles, the molecular or Brownian diffusion would primarily be
responsible for deposition. Particles with sizes from 0.05 to 1.0 microns
have no effective deposition and there is a minimum deposition velocity
for this range of particles sizes [24]. The deposition velocity is defined as
the ratio of an air pollutant deposition flux (F,) and its concentration,
C [25]:

Vd = (1)

As it is very difficult to determine the deposition flux, then
in practice, for the estimation of dry deposition velocity, another
approach based on an analogy to Ohm's law has been suggested. In
this method, each deposition sub-process has a resistance. Based on
the fundamentals of electronics, the aerodynamic, laminar sub-layer
and canopy resistances are in series and respectively associated with
turbulent diffusion, molecular diffusion and surface collection. The
inverse of the overall resistance (R) is equal to the dry deposition
velocity [121,26]:

Vy R @)

In previous studies, the effect of gravity was neglected; hence, the
only considered mechanisms inlude turbulent diffusion, molecular
diffusion and surface collection [26]:
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This is, nonetheless, true only for very fine particles and gases. Later,
the gravity effect was added to the resistance network in parallel to the
three previous ones which resulted in the following form of equation
[27]:
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]
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Numerous researches showed that if the surface is considered as
a perfect sink, then the canopy resistance has zero value and can be
removed from the equation [28,29]. In addition, a correction is needed
to simulate the gravitational mechanism by a resistance. This correction
is called virtual resistance and applied in series with the three previous
series of resistances as follows [11]:

1
=4y
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There are several differences between deposition of gaseous
pollutants and suspended particles. Gases would have only marginal
mass due to their very small size and density; thus, gravity has no effect
on their deposition which otherwise would be important for large
particles. In addition, for gases, canopy resistance is one of the limiting
resistances and should be calculated though it could be neglected for
suspended particles [28]. Regarding these explanations, the general
scheme for deposition of air pollutants is showed in Figure 1.

Va

5

The aerodynamic resistance, which represents the turbulent
diffusion sub-process, depends on atmospheric conditions and
roughness of the surface. In the event of atmospheric stability, Hicks et
al. [26] proposed the following equation:

R, =

a

z z
In| — |-y, | — (6)
Ku z, L
Here, x is the von Karman constant (= 0.4), u* is the wind friction
velocity, z is the height from the earth surface, z is the roughness height,
and y_is the stability function calculated using the Monin-Obukhov

length (L) as follows:
2In[0.5(1+(1—16x)%)} <0

—S5x ,x20

The Monin-Obukhov length is a criterion for determination of
the stability condition (L>0 means stable, L<0 means unstable and L>
Infinity represents the natural condition) defined as follows [30]:

78 (x) = 7)

*3
_Tou pc,

kg0
in which p is the air density, Cp is the heat capacity of air, g is the
gravitational acceleration (9.81 m/s?), T, is the temperature (298 K) and
Q is the turbulent heat flux.

(8)

In atmospheric natural conditions, the aerodynamic resistance is
calculated by Foret et al. [31]:

1
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o

R =

a

Another equation is available for this resistance, but its accuracy is
lower than Eq. (9) [28]. The laminar sub-layer resistance is associated
with the molecular diffusion mechanism and depends on molecular
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diffusivity of pollutants and the characteristics of the surface. The
particle size affects its diffusivity as such that smaller particles have
faster Brownian motion because of the lower Schmitt number, Sc [32].
Several correlations have been suggested for this resistance such as the
one that is proposed by Wesley and Hicks [33]:
P
R - L(Ej (10)
xu \ Pr

Sc is Schmidt number, Pr is Prandtl number and p is a practical
factor (approximately equals to 2/3). Considering the sub-processes
of molecular diffusion such as Brownian diffusion and impaction, the
following correlation has been suggested by Slinn et al. [34]:

R =
' u*[Sc_%+10%f} (v

Sc is the Schmidt number for particles which is defined as the ratio
of air kinematic viscosity (v) over the particles diffusivity (DP) and St is
Stokes number of the particles:

1%

Sc=— (12)
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In the above equations, v is the air kinematic viscosity, k, is Boltzmann
constant (1.38066 x 102 J/K), C.is the Cunningham correction factor,
is the dynamic viscosity of air, v, is the terminal velocity of the particles
and d is the particles diameter. The Cunningham correction factor, C,
is introduced in Eq 13 when the particle size is smaller than the mean
free path (A) of the air molecules and is defined as follows [35]:

C :l+Kn[l.257+0.4exp(—%j} (15)
n

In Eq 15, K , as Knudsen number, is expressed as follows:

A
Kn=2—
P (16)

The other expression for the laminar sub-layer resistance is based
on the similarity to that one of aerodynamic resistance [26]:

1 o
R, =— In(—j (17)
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o

In dust deposition, the gravitational settling velocity for larger
particles is considerable. It can thus be calculated via the balance
of gravitational and drag forces if one neglects the buoyancy force
(because of the larger particle density in comparison to the air density).
If the Stokes law is established (Re < 0.01), the settling velocity will be
as follows [36]:

dZ
), —dprg (9
18u
p, is the particle density. This is the classical Stokes-Einstein

equation. For particles with diameters smaller than 10 micrometres,
the Cunningham coefficient is required as a correction factor. Hence,

Page 3 of 10
the corrected settling velocity will be [37]:
d’ C
v, = PPEC, (19)
18u

This settling velocity cannot be used for the particles with Reynolds
numbers, Re > 0.01; thus, a general correlation has been suggested
which takes into account the impact of drag coefficient, CD [1,11]:

_ b
v =[4ij (20)
£ 3 pC,

In order to determine CD, numerous empirical correlations have
been proposed [38-41] based on the utilization of the following Re
number:

R - pv,d

U

The latest model of dust storm dry deposition, which has proposed
by Giardina and Buffa [42], was also based on the electrical analogy.
In this model, they assumed that combination of resistances which
would influence particles deposition in the quasi-laminar sub-layers;
it is possible to take into account local features of the mutual influence
of inertial impact processes as well as the turbulent flow. The previous
models [26,27] for dust deposition include several drawbacks which
limit the range of their applicability. On one hand, these models did
not consider the gravitational settling and the Stokes law as these
were valid only for a limited range of particle diameters. Moreover,
the drag coefficient presented in these models should approximately
be calculated and a proper correlation has not yet been proposed. On
the other hand, uncertainties associated with determination of settling
velocity significantly affect the laminar sub-layer resistance calculations
due to the relevant Stokes Number errors. Wind friction velocity which
is utilized in formulation of the both aerodynamic and laminar sub-
layer resistances was considered constant. Its value was adjusted only
based on the wind tunnel experiments and the basis of field and the
meteorological data were not considered for the associated calculations.
Hence, the values of those resistances are neither real nor accurate. The
thermophoretic mechanism which is affected by the air temperature
gradient, was not considered too. In addition, the special conditions
like the temperature inversion was not considered in the previous
models. Furthermore, some of the presented resistance equations
resulted in significant errors when compared with the field data. These
reasons would provide grounds for modification of resistance model of
deposition for dust particles. Although the recent model proposed by
Giardina and Buffa [42] was consistent with the experimental results,
but they did not consider the thermophoresis. Calec et al. [43] also
experimentally investigated the particle deposition velocity in a wind
tunnel in which the thermophoresis effect has been studied but no
model still exists.

(21)

New Model for Dry Deposition

The Modified Resistance Model is proposed to estimate the
deposition of dust particles on smooth earth's surface. As commonly
for every model, there are several assumptions which are as follows.

Model assumptions

In order to remove the effects of Earth's rotation and subsequently
the Coriolis force (the force applied to wind and every moving subject
as earth turns around itself), only the height below than 100 meters
is considered with respect to the earth's surface. For the wind speed
at different heights, a general velocity profile is defined which consists
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of a logarithmic profile for below and one-seventh power-law profile
for above a reference height of 10 meters [44-46]. To introduce the
atmospheric stability condition into the model, the Pasquill Stability
Classification is used in each of six classes. The Monin-Obukhov length
could be determined with roughness height of the surface [47]. Hence,
this model can be used for every atmospheric condition.

Given a wide range of dust particle sizes, an empirical correlation
is also used for dragging coeflicient which matches very well with
the experimental data [38]. It is assumed that the surface layer has
a temperature gradient of -0.0065 K/m in normal condition and a
temperature gradient of approximately +0.1 K/m in temperature
inversion state [48,49]. Particles are also assumed to be spherical and
based on the chemical analyses [10,50,51], they mainly contain quartz
sand, limestone and clay; thus, their density will be 1200, 2560 and 1073
kg/m’.

Aerodynamic resistance

The transport of the dust particles from the atmosphere to the
laminar sub-layer is mainly due to the eddy diffusion. As mentioned
before, this mechanism is modelled by the aerodynamic resistance
which strongly depends on the wind speed and surface roughness,
as expressed in Eq 6. In this equation, the condition of atmospheric
stability is introduced by the stability function, i.e., Eq 7. The problem
here is how to determine the wind friction velocity, u*. The previous
models were complex and consequently required numerous parameters.
Here, a simple approach is suggested based on the wind speed measured
by an anemometer. According to the earlier studies [52], 10-meter
height from the earth's surface is selected as the reference height. If the
measuring element is placed in this level, u* can be calculated from a
logarithmic velocity profile as:

u* _ K,
10-d +z, (22)
In| ———*
Z

0

where u,  is the wind speed at the reference height. If for any reason,
the device is installed at a lower height, then the reported wind speed
should be multiplied by a correction factor (CF), as given below, then
the resulted speed will be used in Eq 22 [53]:
1

F =
0.233+0.656log,, (z +4.75)

(23)

In this equation, z is the measuring height in meter. Furthermore,
if the device is installed at a height over 10 meters, then the measured
speed should at first be converted to the speed at 10-meter height, by
the one-seventh power-law velocity profile as follows:

U, = u(z)(mjﬁ (24)

z

By gaining the wind friction velocity, the aerodynamic resistance
can be calculated from Eq 6. This algorithm and the procedure for
calculation of aerodynamic resistance are showed in Figure 2 and
Figure 3, respectively.

Laminar sub-layer resistance

For solid particles, two sub-processes are included in laminar sub-
layer. Their summation will include the molecular diffusion in laminar
sub-layer adjacent to the surface, Brownian movement of the particles
and the impaction. Eq 11 would sufficiently represent this mechanism

and does not need any correction; however, the wind friction velocity
in this equation should be calculated from the procedure represented
in Figure 2. Also, the settling velocity (vg) which is used in Stokes
number (St), should be determined by the algorithm explained in the
next section. The algorithm for calculation of the laminar sub-layer
resistance is presented in Figure 4.

Gravitational settling resistance

In most previous models for gravitational settling mechanism,
Stokes law has been used which is valid for Re < 0.01[28,54] However,
when the particles are larger (over approximately 20 microns), this
condition may not be satisfied. Hence, the drag coefficient should be
calculated more accurately. On the other hand, when the particles have
diameters smaller than 10 microns, then the use of Cunningham factor
will be necessary. By using the following correlation in the modified
resistance model (based on an experimental research reported by Clift
et al. [38], a much more accurate result in gravitational settling velocity
will be gained:

% % Re<0.01
€
24 0.82-0.05log;y Re
R—(1+0.1315Re £10 %) 0.01<Re<20
(5
24 0.6305
R—(l+0.l935Re ) 20 <Re <260
€
10! 643571-12421ogy, Re+0.1558(logy Re)’ 260 < Re <1500

(25)

10724571+2:3538logyg Re-09295(logyp Re)*+0.1049(log; Re)*

1500 <Re <1.2x10*
1.2x10* <Re< 4.4x10*
4.4x10* <Re<3.38x10°
3.38x10° <Re <4x10°
4x10° <Re <1x10°
Re>1x10°

10719181+0.637logiy Re=0.0636(logyy Re)®
104339+1:58090g Re=0.1546logyg Re)’
29.78+5.3log,, Re
0.1log,, Re-0.49

0.1 9—3x|o‘ Re

For calculation of drag coefficient, Reynolds number should be
determined firstly. To do so though, the settling velocity should be given
which is not readily available. Thus, a trial and error calculation are
required. Like the algorithm represented in Figure 5, after calculating
the Knudson number Eq 16 and Cunningham factor Eq 15, the Stokes
velocity is used in Reynolds relation Eq 21. By the use of this value, the
first-step drag coeflicient is evaluated from Eq 25. Based on Eq 20, the
new gravitational settling velocity will be gained. These steps need to be
repeated until the error becomes negligible. The gravitational resistance
can then be calculated via inversing the gravitational settling velocity
as:

R, =— (26)
Thermo-phoretic resistance

If an aerosol which consists of solid particles has a temperature
gradient between two regions, an extra force will be appeared which
causes the migration of fine particles from hotter to colder region.
The resulted movement is called thermophoresis [55,56]. Studies
showed this phenomenon overwhelmingly depends on particle size
and temperature gradient in which the thermophoretic velocity can be
defined as [56]:

- Kutyr 27)

o

Vin

In this equation, VT is the temperature gradient (K/m), T is
the fluid temperature at the place of the particle, v is the kinematic
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Figure 1: Deposition resistance network: a) For gaseous pollutants, b) For suspended particles.
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wind speed
and its height
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From eq. 24

Calculate the
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Figure 2: Algorithm for calculation of wind friction velocity.
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Calculate the
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Figure 3: Algorithm for calculation of aerodynamic resistance.
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(5c) from eq. 12

Calculate the
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Figure 4: Algorithm for calculation of laminar sub-layer resistance.

Input Data

Calculate the Knudson number
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Y
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Is no Calculate the
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{Cp) from eq. 25 velocity (v ) from eq. 20

no
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number {Re} from eq. 21

Yes
Is

A(Re) =
error?

Calculate the
gravitational resistance {Rg)
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Figure 5: Algorithm of calculation of gravitational settling resistance.

viscosity of the fluid and K is the thermophoretic coefficient. Many
investigations represented the following general relation for K [57-58]:
k
2C | “+CKn |C,
k p
Krh - k (28)
(1+3C,Kn)| 1+ Zk—“+2CtKn

P

C =1.17,C =218, C, =1.14

Also, here, ka and kP are respectively the thermal conductivity of the
fluid and particles.

The atmosphere has temperature gradients in different heights
and according to the domain of this research (the lower 100 meter
of the atmosphere), this gradient has a constant value (as mentioned
before, it is about -0.0065 and +0.1 in normal and inversion conditions,
respectively). Hence, it is expected that this temperature gradient affects

somewhat the deposition of dust particles. For this reason, a resistance
called as the thermophoretic resistance, is considered in the modified
resistance model and is determined via inverse of the thermophoretic
velocity:

Rth = v— (29)

th

The procedure for the calculation of the thermophoretic resistance

is given in Figure 6.

Cumulative model

The deposition velocity of dust particles between atmosphere and
the earth's surface can be calculated by means of the total resistance
which includes the overall effects of the deposition mechanisms such
as turbulent diffusion, molecular diffusion, gravitational settling and
thermophoresis. As mentioned before, the first two resistances and the
virtual gravitational settling resistance should be in series. Since gravity
and thermophoresis have their own independent mechanisms and the
deposition is influenced by these two mechanisms in the whole domain
from the atmosphere bulk to the surface, then their resistances will
be in parallel with the former one. A simple scheme of the modified
resistance model for dust particles deposition is depicted in Figure 7.

According to the fundamentals of electrical circuits, the overall dry
deposition resistance can be expressed as:

-1

Ro||—1 [LJ(LJ (30)
R, +R, +—Ije b Re Ry

g

The total dry deposition is the inverse of R,

Results and Discussion

The present section discusses the results of the modified resistance
model for dust particles deposition on the smooth surface of earth. In
this study, according to the analysis of the dust samples, the particles
densities are considered as 1073, 1200 and 2560 kg/m’ for clay, quartz
sand and limestone, respectively. The range of particles diameters
is selected from 0.001 to 200 microns to investigate all of the dry
deposition mechanisms. The wind friction velocity varies from 0.043

Input Data

Calculate the Knudson numiber
(KN} From eq. 16

|

Evaluate the Cunningham
factor (C.) from eq. 15

Coefficient (K5 ) from eq. 28

|

Calculate the Thermophoretic
welocity [Ven) from eq. 27

[ J
( ]
[ Calculate the Thermopharetic ]
[ ]

Calculate the Thermophoretic
resistance (R} from eq. 29

Figure 6: Algorithm of calculation of the thermophoretic velocity.
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to 0.868 m/s for wind speeds of 1 to 20 m/s. This domain covered the
variations of wind speed in the surface layer. The temperature gradient
used in the calculation of thermophoretic resistance is equal to -0.0065
and +0.1 K/m for normal and inversion conditions, respectively.

The comparison of previous field data points as well as those
obtained from the modified resistance model confirms the reliability of
the proposed model, (Figure 8). The existing errors are because of the
differences in various parameters affecting the results such as assumption
of particle sphericity. In Figure 9, the comparison of the result of
modified resistance model with more data from other researches about
deposition velocity in different experimental conditions. It is obvious
that the modified resistance model is in compliance with the overall
trend of previous reported data.

Atmosphere

Aerodynamic
Resistance

VY

—s.

Gravitational
Settling
Resistance

Laminar Sub-Layer
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Figure 7: Resistance network of modified resistance model.
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Figure 8: Comparison of the proposed model and previous field and experimental
data for dry deposition velocity (particle density = 1073 kg/m?, u10 = 3 m/s).
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Figure 9: Comparison of the proposed model and previous field and experimental
data for dry deposition velocity for some different studies (particle density = 1073
kg/m?, u10 = 10 m/s).

To study the influence of particle density on the total dry deposition
velocity, more calculations are conducted for the three materials of clay,
quartz sand and limestone, which are the most primary components
of the dust particles. As shown in Figure 10, the deposition velocity is
expected to increase for larger particle densities. In this figure, particle
densities have almost no meaningful impact on deposition density
for particles smaller than approximately 0.2 microns. Furthermore,
the difference between the velocities of two particles with different
materials has a constant value for the larger particles. This difference is
still negligible in comparison to the deposition velocity.

For every dust particle size distribution, there is a minimum velocity
in the size range of 0.1 to 1 micron. This is stemmed from alteration in
the dominant mechanism of deposition. For smaller particles, gravity
has a negligible effect and deposition is almost totally a function of
diffusion sub-processes such as eddy and molecular diffusion. For
particles with diameters lower than one-micron, Brownian movement
is the primary deposition sub-process. The larger particles are though
deposited by impaction. This is shown in Figure 11 where the laminar
sub-layer resistance has the largest value for particles diameter about 1
micron and it decreases by either increasing or decreasing the particles
diameter. The reason of increase for smaller particles is due to increased
Brownian movement while for the larger particles is because of
increased impaction. In other words, the molecular diffusion resistance
due to Brownian motion increases with diameter but the resistance
related to impaction decreases with diameter, so the net result of these
two mechanisms is made the smallest deposition velocity in this range
of particle size.

Wind speed is an important parameter affecting dust deposition.
Deposition velocities for various wind speeds are also shown in Figure 12.

Higher wind speeds would increase the turbulent mixing and eddy
diffusion. Thus, the smaller particles have higher deposition velocities.

Dy Dapasiton Velacity (cmis)
H

| L L L L R
10 10 10 © 10° 0°
Farticle Diameter (Lm)

Figure 10: Dry deposition velocity for various dust densities at u=3 m/s.
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Figure 11: Molecular diffusion resistance for dust particles regarding wind
speed of 3 m/s.
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With Without
Temperature | Temperature R
Rt (s/m) Inversion Inversion (slrs:'l) R,(s/m) | R, (s/m) |D (um)
(s/m) (s/m)
563 | 349x10° | 0537x 10 (20| 666 -~ |o.001
190.8 3.53 x 10® 0.543 x 10" 9'?36)( 141.14 - 0.01
2605.8 3.76 x 10° 0.579 x 10" 7'10§5x 2565.63 - 0.1
9647.6 | 4.63 x 10° 0.712 x 10" 1'1734)( 21715.25 - 1
435 7.21 x 10° 1.11 x 101 198 4.92 49.64 10
26.1 7.65 x 10° 1.177 x 101 50 2.57 - 20
71 7.96 x 10° 1.224 x 101 8 2.14 - 50
2 8.07 x 10° 1.241 x 10" 2 2.09 - 100
0.9 8.11 x 108 1.247 x 10 0.9 2.08 - 150
0.5 8.12 x 10° 1.25 x 10" 0.5 2.07 - 200

Table 1: Results of the modified model for the resistances.

The wind speed has also only a marginal impact on larger particles
because of their higher Stokes number and the dominant mechanism
of gravitational settling. As shown in Figure 12, for particles in the
range of about 0.2 to 50 microns, smaller wind speeds (i.e. lower than 3
m/s) have no effect on deposition velocity but larger values (i.e. 10 m/s)
increases the deposition velocity. Particles larger than 50 micrometers
do not experience considerable effects since their dominant deposition
process is gravitational settling which is primarily independent of wind
speed. Also, from Fig. 12 it can be seen that the higher wind speeds
the higher the diameter of the particles which have the minimum
deposition velocity and the lower dependency of deposition velocity on
particle diameters larger than one micron. This is because higher wind
speeds would result in increased wind friction velocity and this would,
in turn, reduce the laminar sub-layer resistance. Moreover, diffusion
would intensify as the wind speed increases which this, in turn,
facilitates the deposition of even larger particles at higher gas speeds.

Numerical values of dry deposition resistances of dust particles

with several selected diameters for various mechanisms are reported
in Table 1.

It can be concluded that aerodynamic resistance is independent
of particles diameters. The laminar sub-layer resistance is large for
particles between 0.001 to 1 micron which serves as prime deposition
mechanism. As expected, the gravitational settling is the dominant
process in deposition of larger particles.

It is clear from these data points Table 1 that the resistance of
thermophoresis is about 3 to 6 order of magnitude smaller than the
others. Consequently, the other resistances would have greater impacts
on dust deposition. Thermophoretic resistance becomes larger when
the temperature gradient increases; hence, it is obvious that the
temperature inversion helps dust deposition. The opposite is true
when the air pollutants are gaseous. On the other hand, in normal
atmospheric condition the temperature gradient is a negative factor for
deposition of dust, because temperature decreases with height and the
thermophoretic force is applied to the particles from bottom to top of
the air layer [59-69].

Conclusion

The life-time of dust ends by deposition and only begins to move
again if they are detached from the surface. A useful way for modelling
of the moving particles from atmosphere to the surface by every
mechanism except precipitation, which called dry deposition, is to
use various resistances for each mechanism. These resistances form a
network of resistances and the inverse of the equivalent resistance of
the network will be the total dry deposition of particles. In this study,
the resistance model is modified by the use of a more accurate drag
coefficient to revamp the gravitational settling velocity. In the proposed
model also, a simple method for calculation of wind friction velocity is
used. The modified resistance model would be able to determine the dry
deposition velocity of dust particles not only for normal metrological
conditions, but also under temperature inversion conditions. The
resultant findings showed that particles density has a negligible effect
on deposition while the wind speed has no noticeable influence on
deposition of particles larger than 50 microns. The molecular and eddy
diffusion are important for particles with diameter below 0.1 microns,
while the gravitational settling is dominant for particles greater than
1 micron. Finally, for particles in the middle range of 0.1 to 1 micron,
none of the underlying mechanisms are dominant thus these particles
would remain suspended in air for longer period of time.
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