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ABSTRACT 
 
Molecular dynamic calculations relied in most recent years upon use of massive 
parallel computers which allow simulating increasingly larger numbers of sample 
molecules to represent real molecules in liquid or gas domains. Especially in case 
of gas dynamic simulations, the performance of single computers in a cluster is 
however limited by numerical constraints related to the speed of fast molecules. 
When the simulated physical domain is partitioned in small cells, with linear 
dimensions of some micrometers, and fast molecules have velocities larger than 
one thousand meters per second, time steps used for the simulations in pristine, 
not dimensionless quantities, need to be as small as 10-8 s. The small time step 
must ensure that one sample molecule does not overcome a computational cell 
during the time step. In the analysis described in this article, an attempt has been 
made to relax this constraint by scaling down molecular velocities by a chosen 
factor, typically in the range 10 - 100, and increasing the momentum carried by 
the sample molecules. Kinetic temperatures, related to molecular velocities, are 
also scaled correspondingly. The feasibility of this approach, which allows for 
larger time steps, hence smaller computational times, has been first tested by 
proving that physical quantities related to equilibrium gas properties are 
preserved when using the scaled variables. In a second stage, we made numerical 
simulation of thermophoretic forces acting upon aerosol particles with the Direct 
Simulation Monte Carlo (DSMC) approach and compared new results with 
preliminary ones obtained earlier. The results documented and discussed in this 
article support the feasibility of the scaled approach with large gain in 
computational efficiency.  
 
Key words: Thermophoresis, molecular dynamics, aerosol particles, direct 
simulation Monte Carlo. 

 
 
INTRODUCTION 
 
Numerical simulations of thermophoretic forces and 
velocities of aerosol particles suspended in the Earth 
atmosphere have been documented (Bottoni et al., 2005) 
considering the physics of aerosol particles, which play an 
important role in the formation and growth of liquid and ice 
nuclei within clouds and therefore in the formation and 
accretion of hydrometeors. Diffusion of aerosol particles is 
due not only to fluid-dynamic transport and turbulent 
behaviour of the atmosphere, but also to their migration 
under impact of thermophoretic forces due to temperature 
gradients   in   the   atmosphere.   These   forces,   which   act 

against the temperature gradients, may have an important 
impact upon scavenging of aerosol particles in the clouds. 

Experimental investigations of the kinetic behaviour of 
aerosol particles are paralleled by a computational effort 
aiming at simulating thermophoretic forces and migration 
of the particles in zero-gravity conditions similar to those of 
the experiments. The purpose of these simulations is to 
allow a better understanding of the accuracy of the 
experimental conditions and to develop a computational 
tool to simulate thermophoretic forces in conditions not yet 
investigated experimentally, for instance at intermediate or  
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large Knudsen numbers.  

The computational approach followed in the numerical 
investigations documented by Bottoni et al. (2005)  is based 
upon the application of the Direct Simulation Monte Carlo 
(DSMC) method, (Bird, 1994),  in a bi-dimensional (x,z) 
computational domain with the aerosol particle initially set 
at the centre of the domain and the thermophoretic forces 
acting in the negative z-direction, that is, with the 
temperature gradient directed upwardly. 

For the numerical applications, we used a computer 
program derived from an earlier code named THEMIS, 
which was originated as two-dimensional version 
describing a monocomponent fluid, at the O-Arai 
Engineering Center, Japan Nuclear Cycle Development 
Institute (JNC), Ibaraki-ken, Japan, (Muramatsu, 1995). The 
evolution of subsequent code versions, also applied to 
different problems, such as safety studies for nuclear 
reactors under hypothetical accident conditions, has been 
explained in detail in a study by Bottoni et al. (2005)   and 
as such, will not be repeated here. We only recall that this 
code evolution, which lasted about 10 years, from 1996 to 
2005, finally led to the code version called THEPHOR-2.  

Further topics explained in detail in the aforementioned 
studies are: i) Calculation of the effective cross section of air 
molecules, based on the Lennard-Jones intermolecular 
potential (Bird, 1994; Vincenti and Kruger, 1965); ii) 
Collision model among molecules; iii) Collision of molecules 
with material or ideal surfaces and with the aerosol particle; 
iv) Calculation of temperature distribution in the aerosol 
particle in dependence of the kinetic energy transferred to 
or absorbed from colliding air molecules.  

The field of numerical simulations of particle dynamics, 
including the particular topic of thermophoretic problems, 
relies upon massive use of parallel computers (Choi et al., 
1996). However, even in this case, the key point of the 
simulations is the requirement that a sample gas molecule 
does not cross completely a computational cell within one 
time step. To state it differently, information carried by a 
molecule cannot jump over a mesh cell during a time step. 
This fundamental paradigm of numerical computations 
implies a constraint on every single processor even in case 
of massive parallel calculations. The accuracy of 
calculations requires that the mesh size be at most one 
order of magnitude larger than the size of the particle 
subjected to thermophoretic forces. In most cases, we used 
a mesh size of 10 µm. Because fast gas molecules, in the tail 
of a Maxwellian velocity distribution, may have a speed 
larger than 1000 m/s, the time step should not exceed 

810
s, which is a very strong constraint for the speed of a 

numerical simulation.  
Starting from the background provided by the computer 

program THEPHOR-2, we investigated the possibility of 
overcoming the strong constraint of a very small time step. 
As a result of our efforts, we developed the version 
THEPHOR-3. The improvements of this code version with 
respect to the  previous  one  are  described  in   this  article.  

 
 
 
Before going to the details of this description, we 
summarize the basic molecular dynamic approach followed 
in our calculations. 
 
 
Basic molecular dynamic approach 
 
Let us define: 
 
c


 = Velocity of a molecule; 

0c


 = Mean stream velocity; 




ccc '

  = Velocity of a molecule relative to the mean 

stream velocity; The components of the vector 
'c


 will be 

denoted 
''' ,, wvu . 

rc


 = Relative velocity between one chosen molecule (“test” 

or “sample” molecule) and the field molecules. 
 
The mean collision rate per molecule, or collision frequency, 
 , is obtained multiplying the mean volume swept by a 

molecule in the unit time  rT c  with the number density 

n : 

 

c

rT
t

cn
1

  ,                   (1) 

 

where 2
T d   is the geometric cross section of a 

molecule of diameter d and ct  is the mean collision time, or 

mean time interval between collisions. 

The total number of collisions per unit time, cN , is 

obtained by multiplying the collision frequency,  , with the 

number density, and dividing by 2 (to avoid to count twice 
the same couple of molecules): 
 

rTc cnnN  2

2

1

2

1
 .                  (2) 

 

The mean free path of a molecule is obtained by dividing its 
velocity relative to the mean stream by the collision 
frequency: 
 

' ' '

2
T r r

c c c

n c n d c


  
   .                  (3) 

 

In case of a gas in thermodynamic equilibrium, the mean 
relative velocity is given, (Bird, 1994), by: 
 

'2ccr  ,                    (4) 

 

hence, from Equation (3) and using the fluid density 
nm  : 
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The scalar pressure is given by: 
 

  2'2'2'2'2'

3

1

3

1

3

1
nmccwvup   .                (6) 

 
The average kinetic energy of a molecule of mass m  is:  
 

2'

2

1
mcE  .                    (7) 

 

The translational kinetic energy, or specific energy, is 
defined by: 
 

2'

2

1
cetr  .                   (8) 

 
Combining Equations (6) and (8) one derives: 
 

trep 
3

2
 .                    (9) 

 

The translational kinetic temperature trT  is defined for a 

gas by: 
 

2'

2

1

2

3
ceRT trtr                   (10) 

 

where /R k m is the gas constant.  

In our calculations, we used the physical quantities 
summarized in Table 1. 
 
 
Equilibrium gas properties  
 

Let us consider the thermal velocity vector 
'c


 represented 

in velocity space (Figure 1) with reference to a spherical 
coordinate system with azimuthal angle   and co-latitude 

 . A surface element in this coordinate system is given by 
'2 sindS c d d   and a volume element is given by 

' ' '2 'sindc dS dc c d d dc    . The fraction of 

molecules with speed in the range  (
'c


, 

'c


+d
'c


), crossing 

the elementary surface dS = AB   AC, represented in the 

figure, is 
'

0dn nf dc , where: 

 

2 ' 2
3

0 3/2

cf e 



  (11) 

 
 
 
is the equilibrium distribution function with 

1 / 2RT  . Hence we obtain: 

 

2 ' 2
3
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0 3/ 2
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   .  (12) 

 
The fraction of molecules with speed in the range 

 ' ' ',c c dc , irrespective of their direction, hence 

crossing any point of the sphere of radius 
'c


, is obtained 

integrating Equation (12) over the full solid angle. Using 

0
sin 2d



    and 
2

0
2d



  , the result is: 
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        (13) 

 
with the definition of the distribution function: 
 

2 ' 2

'

3
'24 c

c
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 .                                                                   (14) 

 
The integral of the distribution function satisfies the 
normalisation condition: 

 

2 ' 2

'

3
'2 2 2

0 0 0

4 4
ˆ ˆ ˆ' ' exp( ) 1c

c
f dc c e dc c c dc

 

  
      ,

          (15) 

 
having made the change of variable ˆ 'c c . 

The probability P( 1̂c , 2ĉ )  of having a sample molecule 

with velocity in the range ( 1̂c , 2ĉ ) is given by: 

 

P( 1̂c , 2ĉ )  = 
2

1

ˆ /
2 2

ˆ /

4
ˆ ˆ ˆexp( )

c

c
c c dc




 .    (16) 

 
This theoretical probability distribution, computed in the 

range ˆ (0,3)c  , subdivided in 30 intervals, is shown in 

Figure 2 together with the distribution computed by 
sampling Equation (14) with the acceptance-rejection 
method (Bird, 1994; Press et al., 1986). The maximum of 
the distribution corresponds to the most probable velocity:  

 

' 1 2
2m

kT
c RT

m
   .                                                  (17) 

 
The average molecular speed is given by:  
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Table 1: Summary of physical quantities used in the numerical simulations. 
 

Air gas constant  30.28827 10 /R x J kg K   

Molecular weight of air [averaged over the constituents 

2O  (21%) and 2N  (79%)] 

0.21 x 32 + 0.79 x 28 = 28.84 [kg/kmole] 

Mass of air molecule m = 4.78902 x 2610  [kg] 

Diameter of air molecule 104.15 10d x   [m] 

Air density [ at T =273 K, p = 
5 210 /N m    

26 25 3

0 0 4.78902 10 2.68699 10 1.286804 /mn x x x kg m       
 

Geometrical cross section of air molecules 2 20 254.106 10T d x m       
 

 
 

 
 

Figure 1: Representation of thermal velocity vector 
'c


 in 

spherical coordinate system. 
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                                                                                                           (18) 

having used 
2 ' 2'3 '

0

cc e dc


   
41/(2 ) .  

 

The root mean square thermal velocity is defined by: 
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From Equation (19), we used 
2 ' 2' 4 '

0

cc e dc




 = 
5

3

8




., 

Main characteristics of the THEPHOR-3 code version 

 
We introduced a scale factor SF, which, in the 
computational praxis, has been varied in the range 10 - 100, 
and used it in the code to scale the following quantities:  

 
i) Velocities of gas molecules and, consequently, their 
momenta are scaled (divided) by SF.  
ii) Temperatures of all material surfaces and the initial 
temperature distribution in the aerosol particle are scaled 

by 
2SF . This is consistent with the relationship (10) 

between translational kinetic temperature of the molecules 
and their velocities. 
iii) The most probable thermal velocity of a gas molecule, 
obtained sampling a Maxwellian distribution at the scaled 
temperature, is automatically scaled.   
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Figure 2: Comparison between theoretical Maxwellian velocity distribution and 
computed distribution obtained by sampling the distribution function (Equation 14). 

 
 
iv) When gas molecules impinge upon the aerosol particle, 
their momenta are scaled back (multiplied by SF) to ensure 
that the proper momenta are imparted to the particle. 
v) The temperature distribution of the aerosol particle is 
recalculated every time step using the scaled temperature 
field.  
 
The most important calculation which is not affected by the 
scaling is the calculation of the collision frequency between  
molecules given by Equation (1). 

A key point in the numerical treatment is that every 
sample molecule in the simulation is representative for a 
given number (FN) of real molecules. Depending on the 
computing capabilities available to the numerical analysts, 

FN may be as large as 
1810  or as low as 

610 . In numerical 

simulations performed thus far a "sample molecule" was 
defined as a molecule representative of FN real molecules. 
Taking into account item iv) above, we complement the 
definition of "sample molecule" as "a molecule which is 
representative of FN real molecules and carries a momentum 
SF times larger than in un-scaled numerical simulations".  

On the basis of these considerations, we distinguish 
between "pristine" variables or physical quantities which 
are not scaled in the numerical simulation, and "scaled" 
variables.  

"Pristine" variables are:  
 

- All    geometrical    quantities     defining    the    domain    of  
calculation and the size of the particle. 

- Mass of the molecules.  
- Mass and density of the aerosol particle.  
- Mean free path of the molecules and Knudsen number of 
the gas.  
- The number FN of real molecules represented by a sample 
molecule.  
 

"Scaled" variables are: 
 

-Temperatures of all material surfaces and of the particle.  
- Velocities of the molecules.  
-The most probable thermal velocity of a gas molecule 
obtained by sampling the Maxwellian velocity distribution. 
 

Implicitly become also scaled the momenta of the 
molecules, which however are scaled back in case of impact 
against the aerosol particle.  
 
 

Code verification with equilibrium properties 
 

A necessary, though not sufficient, condition for the 
correctness of a molecular dynamic code is the capability to 
reproduce as closely as possible the theoretical values of 
some important physical quantities. Among these are: i) the 

most probable thermal velocity 
'

mc ; ii) the average 

molecular speed 
'c , iii) the root mean square thermal 

velocity 
'

sc ; iv)  the mean relative velocity among molecules  

rc .       
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Table 2: Computed and theoretical values of most probable thermal velocity 
'

mc , of the average molecular speed 
'c , of 

the root mean square thermal velocity 
'

sc  and of the mean relative velocity among molecules  rc . 

 

Parameter Computed Theoretical Equation 

Most probable thermal velocity 
'

mc  [m/s] 426.37 426.80 (Equation 17) 

Average molecular speed 
'c [m/s] 481.05 481.59 (Equation 18) 

Root mean square thermal velocity 
'

sc [m/s] 522.19 522.72 (Equation 19) 

Mean relative velocity among molecules 
rc [m/s] 679.42 681.07 (Equation 4) 

 
 
 

In the geometrical conditions of the reference calculation 
explained in the next section, we used scaled variables to 
produce Maxwellian velocity distributions of the air 
molecules. From these Maxwellian distributions, we 
computed the above mentioned physical quantities in the 
fictitious scaled dimensions. Upon scaling back to physical 
units, we obtained the values shown in Table 2, where they 
are compared with the theoretical values. In this case, the 
number of sample molecules, 106, was much larger than in 
the numerical applications explained later.  

The largest difference between theoretical and computed 
values is that of the mean relative velocity between 

molecules rc . This depends on the fact that, out of the  

1012/2 possible couples of the sample molecules, we 
considered for averaging only 107 couples, randomly 
chosen. 

A second check of the correctness of the approach 
followed concerned the verification of the relaxation of a 
non-equilibrium velocity distribution of molecular 
velocities to a Maxwellian distribution when the gas 
undergoes molecular collisions in a domain with 
appropriate temperature boundary conditions. Again we 
simulated the geometrical conditions of the reference 
calculation with a domain bounded by upper and lower 
material plates, 7,000 m  apart, at the temperatures of 

335.05 K and 295.55 K, respectively. In this domain we 
introduced a non-equilibrium velocity distribution 
sampling a Maxwellian and superimposing noise. The initial 
velocity distribution of the molecules is shown at the 
uppermost left plot of Figure 3. Starting from this 
distribution, it is expected that the intermolecular collisions 
allow the distribution relax to the Maxwellian distribution 
corresponding to the mean temperature in the domain 
(315.30 K). As shown in Figure 3, after a time of 0.3 s, the 
computed temperature distribution is almost 
superimposed with the theoretical Maxwellian distribution.  

The initial noisy velocity distribution of the molecules 
shown in Figure 3, with maximum at  ' 0.8mc   (instead of 

the value ' 1mc   at equilibrium), corresponds to a non-

equilibrium translational temperature  of  193.67 K.  As  the 

situation, because of the intermolecular collisions, evolves 
to an equilibrium Maxwellian distribution, the translational 
temperature rises to the equilibrium value of 315.30 K, 
imposed by the boundary conditions at the upper and 
lower material plates. The time evolution of the 
translational temperature is shown in Figure 4.  

The distributions shown in Figures 3 and 4 have been 
computed both for a domain filled with 21,000 sample 
molecules (in average 15 molecules per cell) and with 106 
sample molecules (in average 714 molecules per cell). The 
results plotted in Figure 3 are almost undistinguishable 
between the two cases, while the rise of the translational 
temperature to the equilibrium value (shown in Figure 4) 
displays a larger scatter in case of the smaller number of 
sample molecules.  
 
 

Reference numerical simulation 
 

Numerical simulations of thermophoretic forces and of the 
relative displacements were repeated for the reference case 
already treated in a study by Bottoni et al. (2005) for the 
purpose of comparing new results with those obtained 
previously and thus inferring about the improvements of 
the numerical simulations made with the new code version.  

In the reference case, an aerosol particle of 0.5 µm radius 
is initially set with zero velocity in the centre of the domain 
bounded by an upper and lower material plate and by 
lateral geometrical surfaces. In the simulations, the vertical 
two-dimensional cross section (x, z) of this domain was 
modelled. Table 3, obtained from Bottoni et al. (2005), 
summarizes the physical characteristics of the particle, and 
data about the computational domain and boundary 
conditions.  

The reference calculation was repeated at first, for a 
problem time of only 0.1 s, with the same code version 
(THEPHOR-2) used in year 2005, but with a modern 
personal computer with peak performance of 13 Gcycles, to 
ascertain the improvement due only to better hardware. 
The improvement was large indeed, reducing the 
computational time from more than 20 days to less than 2 
days. Then  the  calculation  was  performed  for  a  problem  
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Figure 3: Relaxation of a noisy velocity distribution of molecules (uppermost at left), 

computed at time 0t  = 0, to a theoretical Maxwellian velocity distribution (*). 

Intermediate plot (+) refers to time 
1 0.1t s ; third computed plot (almost 

superimposed to the Maxwellian distribution) refers to time 
3 0.3t s . 

 
 
 

 
 
Figure 4: Translational temperature of molecules versus time, computed with an 
initial non- equilibrium velocity distribution of molecules which relaxes to a 
Maxwellian distribution. 
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Table 3: Physical characteristics of the aerosol particle and data about computational domain, 
boundary conditions and numerical simulation. 
 

Physical properties of the aerosol particle 

Radius [μm ] 0.5 

Density [kg/
3m ] 890.0 

Specific heat [J/kg K] 2140.0 

Thermal conductivity [W/m K] 0.15 

 

Physical conditions of air in the definition domain 

Mean free path λ [m] 4.86×10-8 

Knudsen number Kn 2.5×10-4 

Temperature (t = 0) [K] 315.30 

Density ρ [kg/
3m ] 1.2868 

Dynamic viscosity [kg/(m s)] 1.450×10-5 

Kinematic viscosity [
2m /s] 1.127×10-5 

 

Boundary conditions and temperature gradient 

Temperature of top surface [K] 335.05 

Temperature of bottom surface [K] 295.55 

ΔT [K] 39.5 

∇T = ΔT/(zmax − zmin) [K/m] 5.642×103 

∇T/T [
1m

] 17.89 

 

Domain (x, z), discretisation and calculation conditions 

xmin − xmax [μm] 3490 - 3510 

zmin − zmax [μm] 0 - 7000 

Δx [μm] 10 

Δz [μm] 10 

Total Nr. of cells 1400 

Nr. of simulated molecules 21000 

Mean number of molecules per cell 15 

Time step [s] 10-8  (without scale factor);  10-6 (with scale factor = 100)  

 
 
time of 10 s using the new scaled program version 
(THEPHOR-3) thus ascertaining the improvement in 
computational speed achieved with the code modifications 
described in this article. Table 4 summarizes the 
comparison of computational speed thus achieved. 

The improvement in computational time between 
calculations 1 and 2 is due only to better hardware. Using 
scale factor of 100, in calculations 3 and 4, the 
improvement in computational time is of the order of 
magnitude of the scale factor itself.  

Upon application of the Waldmann formula (Waldmann, 
1959) for thermophoretic forces, one finds for the 
thermophoretic speed 510.3 10thV x  m/s.  

The results obtained with calculation 4 of Table 4 are 
shown in Figures 5 and 6. Figure 5 shows the computed 
horizontal (U) and vertical (W) instantaneous velocity 
components of the aerosol particle versus time,  sampled  at 

intervals of 1000 time steps. The vertical velocity 
component seems to stabilize at a level which agrees well 
with the value provided by the Waldmann formula for the 
thermophoretic speed. Figure 6 shows the trajectory of the 
aerosol particle in the (x,z) plane. The aerosol particle 
oscillates to and fro in the horizontal x direction while it 
moves almost steadily backwards in the z direction. The 
time parameter t evolves from 0 to 10 s along the plot from 
the starting point P0(3.5×10-3, 3.5×10-3) to the end  point 
P10(2.9×10-3, 3.505×10-3). The mean thermophoretic 
velocity in this time interval (0 - 10 s) is 56.05 10thV x  m/s).  

 
 
State of the code and further developments 
 

The current version of the code, though advanced in 
computational   efficiency   with    respect   to   the   previous 
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Table 4: Comparison of the performances of code version THEPHOR-3 with respect to version THEPHOR-2.  
 

CALCULATION CODE VERSION PROBLEM TIME (S) TIME STEP (S) CPU TIME (days) SCALE SF GAIN  (*) 

(Ref. case 2005)       

1. THEPHOR-2 0 - 0.1 10-8 20.80 --- --- 

2. THEPHOR-3 0 - 0.1 10-8 1.71 1 --- 

3. THEPHOR-3 0 - 0.1 10-6 0.0126 100 135.7 

4.   (**) THEPHOR-3 0 - 10 10-6 1.19 100 143.7 
 

(*) Gain in CPU time with respect to Calculation 2.  
(**) Calculation 4 is the continuation of Calculation 3 up to 10 s problem time. The gain reported (143.7 = 171 / 1.19) refers to the CPU time of calculation 2 
extrapolated to 10 s problem time. 

 
 

 
 
Figure 5: Horizontal (U) and vertical (W) velocity components of aerosol particle 
versus time (Reference calculation with an average of 15 sample molecules per cell).  

 
 
version documented in a study by Bottoni et al. (2005), still 
presents two main flaws which are explained and discussed 
hereafter.  

The first flaw consists in the fact that the simulation is 
two-dimensional: the thermophoretic displacement of the 
simulated particle occurs in a 2D domain, the (x, z) plane. 
Molecular velocity components, following collisions or 
boundary   reflections,   are   computed   or   sampled  in  3D 
(otherwise Maxwellian equilibrium distributions would 
never be achieved) but the displacements occur only in the 
(x, z) plane.  

The third dimension, the y-direction, is apparently 
irrelevant for the calculation of the thermophoretic 
displacement in the z-direction, but in the reality of the 
simulation, it has an impact which cannot be neglected. The 
total number of real molecules in the computational 
domain depends on its volume, hence  on  the  depth  of  the 

simulated domain in the y-direction. The same is true for 
the number (FN) of real molecules represented by one 
sample molecule. In the numerical calculations shown 
previously, the only mesh simulated in the y-direction was 
given the same dimension (10 µm) of the cells in the x- and 
z-directions, which implies a definite value of the total 
volume, hence of the FN parameter.  

Moreover, the probability of molecular collisions with the 
aerosol particle depends on the movement of the sample 
molecules in the 3D space, and it is not a two-dimensional 
problem. Because, however, our trajectories are planar, we 
estimated the impact of molecular collisions upon the 
particle with a probabilistic approach, evaluating the 
probability of molecules to hit the particle in the 3D-mesh 
in which the particle is located. The probabilistic approach 
is based on the comparison between the cell volume and 
the  volume  spaced  by  sample  molecules  within  the  time 



 

Academia Journal of Scientific Research; Maurizio et al.           503 
 
 
 

 
 
Figure 6: Displacement of aerosol particle in the (x,z) plane.  

 
 
 

 
 
Figure 7: Computed translational temperatures in the domain in dependence on 
its size. From the bottom upwards plots refer to following number of meshes IMAX, 
KMAX (in the x- and z-directions) and number NMOL of sample molecules:  
First, lowermost plot: IMAX =      2, KMAX = 500, NMOL = 15,000 
Second plot:  IMAX =   10, KMAX = 500, NMOL =   75,000 
Third plot: IMAX =   20, KMAX = 500, NMOL = 150,000 
Fourth plot: IMAX =   40, KMAX = 500, NMOL = 300,000 
Fifth plot: IMAX = 100, KMAX = 500, NMOL = 750,000 
Sixth, uppermost plot: IMAX = 200, KMAX = 500, NMOL = 1,500,000. 
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step, given by s T mV c t   where T  is the geometrical 

cross section and mc  is the mean velocity of the sample 

molecules in the cell where the particle is located. 
The second flaw consists in the narrow domain simulated 

in the x-direction, consisting, in the calculations reported 
above, of only two meshes of 10 µm  width. In case the 
particle approached the bounding (y, z) surfaces within one 
particle diameter, the particle was assumed to rebound 
elastically, by reversing the x-velocity component. This 
happened in some simulations but not in the one 
documented in the previous section.  

The simulation of a narrow domain, including a particle, 
has also an implication on the calculation of the 
translational temperature in the computational domain, 
given by Equation (10). The presence of the particle, with 
multiple reflections of molecules from its surface, is a 
perturbation of the equilibrium state of the gas which is 
reflected by an anomaly in the calculation of the 
translational kinetic temperature. The narrower the 
domain, the larger the anomaly is. This can be shown 
computationally by progressively increasing the size of the 
domain and recording the corresponding time behaviour of 
the translational temperature. Figure 7 summarizes the 
calculations we made for illustrating this issue. To save 
some computational time, the size of the domain in the z-
direction has been reduced, with respect to the reference 
calculation documented previously, from 700 to 500 
meshes of 10 µm, by retaining the same temperature 
gradient. The temperature boundary conditions of the 
upper and lower plate are in this case 329.41 and 301.19 K, 
respectively. The reference temperature (mean 
temperature in the domain) remains the same as before 
(315.30 K).  

The size of the domain in the x-direction has been 
increased progressively in subsequent steps from 2 meshes 
up to 200 meshes. The number of sample molecules has 
been increased likewise to maintain an average number of 
15 sample molecules per cell. From Figure 7, it is evident 
that increasing the size of the computational domain 
reduces progressively the anomaly in the calculation of the 
translational temperature and at the same time reduces the 
statistical scattering of the computed values. From a large 
anomaly of about 35 K, in case of only two meshes in the x-
direction, the anomaly is reduced to about 3 K in case of 
200 meshes in the x-direction.  Computational  time  for  the 
cases plotted goes from 53 min for the first case to about 
one day for the last one.  

The anomaly in the computed translational temperatures 
may depend in part from the sheer presence of the aerosol 
particle which reflects the air molecules according to the 
laws of diffuse (not specular) reflection and perturbs the 
theoretical Maxwellian velocity distribution. This is a topic 
which will be further investigated.  

 
 

 
 
 

Whether a narrow domain, and the consequent anomaly 
in the calculation of the translational kinetic temperature, 
has, or has not, a remarkable impact on the calculation of 
thermophoretic forces is an issue which has not been 
investigated. A correct answer to this issue implies a large 
computational effort and goes beyond the purpose of this 
study. It seems however to be a good rule to simulate a 
computational domain large enough to minimize the impact 
of boundary conditions. 

Both flaws we have discussed are going to be eliminated 
in our subsequent study which aims at performing full 3-D 
simulations. The use of massive parallel computers will be 
in that case unavoidable but even then the performance of 
every single processor can be enhanced with the use of the 
scaled variables as explained in this article. 
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