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Abstract. The article deals with the electromagnetic radiation transfer in systems of spherical disperse 
particles with different optical characteristics. A model of the electromagnetic radiation transfer in 
cylindrical particles containing a small volume of different chemical substance is developed. The substance 
differs substantially from that of the particle in a radiation absorption coefficient for the wavelength under 
study in the long wave approximation. The finite element method is used to calculate the temperature field 
for the system of spherical particles in a two-dimensional approximation. The configurations of particle 
packing is chosen on a random basis, which significantly complicated the calculations, the longitudinal and 
transverse diameters of particle clusters, the distance between centers of two largest particles, and similar 
natural geometric properties have been considered as characteristic system dimensions.The possibility of 
controlling heat transfer in such systems is studied. It follows from our model calculations that both 
electromagnetic and thermal interaction of dispersed particles can be noticeable at large distances between 
their centers; that near the boundary of the dispersed particle there is a thermal surface layer of the particle, 
where the temperature distribution is essentially heterogeneous. It is concluded that the thermal mechanism 
of destruction of a weakly absorbing particle due to a strong increase in temperature because of 
electromagnetic resonance in a neighboring particle with a strong absorption. It is established that the effect 
of collective influences in polydisperse system can change temperature by more than 1,5 times. 

1 Introduction 
Today, modeling the physical phenomena in disperse 
systems with various physicochemical properties is 
becoming increasingly important [1-4]. This is due to 
both the global environmental problem of atmospheric 
pollution when aerosols with their large total interface 
have a significant impact on all physicochemical 
processes in the global atmosphere, and modern 
technologies where dispersed substances are used [5]. In 
studying aerosols, it is important to take into account the 
nonlinear dependence of various characteristics of 
dispersed particles on temperature, electromagnetic field 
vectors and others. In the paper, influence of the 
electromagnetic radiation and heat transfer processes on 
dispersed systems exposed to intense electromagnetic 
radiation have been studied.  

2 Electromagnetic radiation transfer in 
systems of spherical disperseparticles 
Pair interactions of spherical disperse particles affected 
by monochromatic electromagnetic radiation are 
examined. The electromagnetic field energy absorbed by 
the particles and released in the unit volume of the j-th 
particle per unit time is a heat source qj initiated by 

radiation. It is determined as the squared absolute value 
of the electric-field vector amplitude at a given point [6]. 
The calculation method for electromagnetic field vector 
components was developed earlier on the basis of the 
Mie solution [5] and group representation theory [8]. To 
solve the problem, the authors localize the centers of the 
particles O1 and O2, the radii R1 and R2, and the 
directions of vectors E(external electromagnetic field 
strengths) and k(a wave vector) to the Cartesian axes 
(Figure 1) [9]. 

 

Fig. 1. System of two particles in the electromagnet radiation 
field. 

The incident electric vector is harmonic time-
dependent and its amplitude can be written as follows: 
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frequency, ε is  medium permittivity, σ  is specific 
conductivity, с is velocity of light. The number j takes 
the following values: j=0 (external environment), 
j=1(particle No.1), j=2 (particle No.2). The same 
equation can be written for the magnetic vector. 

The influence of the k-th particle can be considered if 
the field 𝑬𝑬𝒋𝒋 being external to j-th particle can be written 
as: 

𝑬𝑬𝒋𝒋 = 𝑬𝑬 + 𝑬𝑬𝒌𝒌𝒔𝒔                                (2) 

where 𝑬𝑬is an incident light vector, 𝑬𝑬𝒌𝒌𝒔𝒔 isa wave scattered 
on a neighbor particle. The vectors 𝑬𝑬andHcan be 
represented with electric U and magnetic V Debye 
potentials [5]. The Debye potentials of an incident field 
are described  in the coordinate system х’у’z’, the Debye 
potentials of the field scattered on the k-th particle are 
described in the coordinate system xkykz (k=1,2). 
Further, the expressions obtained are represented as 
expansions of the eigen spherical harmonics of the j-th 
sphere. The Euler angles π/2 - β,θ, 3π/2 completely 
define the rotation of g about the point O1 transferring 
the coordinate system x’y’z’ into x1y1z.  

To calculate the heat source, the authors divide the 
particle into small volumes with practically constant|𝑬𝑬|2. 
Practicing it we can examine volume average particles 
and calculate their heat source densities in respect to the 
intensity of the incident wave q* for different particle 
system alignments with the field vectors. Table 1 
provides the example of such calculations for water 
aerosol particles with radii R1 = R2 = 1 µm. The distance 
between the particle centres is R = 20 µm. The length of 
the laser radiation wave initiating heat transfer is λ = 
10.6 µm. The ambient temperature is T = 273 K. The 
coefficient of medium thermal conductivity is χе= 24.1 
mW/(m⋅K), the coefficients of particle substance thermal 
conductivity are χ1 = χ2 = 566 mW/m⋅K. The complex 
refraction indices of particle substance (water) are1.173 
+ i⋅0.0823. The medium refraction index is ne = 1. 

Table 1. Dependence of q* on Euler angles  

θ, degrees β,degrees qj
*⋅ 10-4, m-1 

90 0 8.7 
90 90 5.7 
45 45 6.3 

The calculations show that the average density of 
heat sources significantly depends on the location of the 
system of two particles over the wave vector and the 
electric field intensity vector even at large distances 
between the particles. 

In [10] has noted previously that not only 
electromagnetic interaction but also thermal one of 
disperse particles can be noticeable at large distances 
between their centers. The calculations show that the 
distribution is more heterogeneous near the boundary of 

the disperse particle than in the central regions, which 
allows us to speak about the existence of a thermal 
surface layer of a particle characterized by a highly 
inhomogeneous temperature field inside. The thermal 
interaction of two disperse particles with substantially 
different absorbing properties has been studied. The 
authors obtained the result indicating a thermal 
mechanism of low-absorbing particle destruction 
because of the strong temperature increase due to 
electromagnetic resonance in a neighbor particle with a 
high absorption [11]. 

3 Electromagnetic radiation transfer in 
systems of cylindrical disperseparticles 
Another common geometric model of disperse particles 
is a cylinder or elongated spheroid. The method 
developed for calculating the amplitude square for this 
geometry [10] is appropriate under the condition that the 
radius of the cylinders is much smaller than the 
wavelength of the incident radiation. This restriction 
allows a bicylindrical coordinate system to be used, 
which greatly simplifies the solution and calculations 
[12, 13]. 

For these particle systems,|𝑬𝑬|2/|𝑬𝑬𝟎𝟎|2 (the ratio of the 
squared absolute value of the light vector amplitude at 
the selected point inside the particle to the squared 
absolute value of the electric-field vector of the incident 
wave) is calculated. The ratio characterizes the heat 
source densities depending on the radius and angle 
coordinates in the cross-sections perpendicular to the 
cylinder axis. 

Systems of inhomogeneous cylinders with different 
complex dielectric permittivities of the particle substance 
are examined. The calculations used the following 
values: λ=0.2 cm; ε1 =1 (air); ε2=1.33 – 0.0009i (ice). 

Computational experiments have been carried out for 
two-layer cylinders with concentric (previously in [10]) 
and non-concentric layers (the inner region of the 
particle isa structure with a randomly distributed radius 
depending on the cylinder cross-section angle) of 
different chemical composition. 

 

Fig. 2. System of cylinders with a nonconcentric layer. 

Figure 2 shows a system of heterogeneous cylinders. 
Here τ, σ are curvilinear bicylindrical coordinates. The 
polar distance is denoted by а, the radius of a cylinder is 
R0, the half of a distance between cylinders is R, the 
light vector of the incident plane monochromatic 
electromagnetic wave is𝑬𝑬𝟎𝟎, and the cylinder coordinate 
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surface in a bicylindrical coordinate system is τ1. The 
solution considered in this paper reduces to that given in 
[10], but here the inner boundary radius is reset for each 
selected point. 

The distribution of|𝑬𝑬|2/|𝑬𝑬𝟎𝟎|2 is found inside a 
cylindrical particle of radius R0=1 μm, with a circle 
radius of the selected section being 0.95 μm with a 
random distribution of the inner boundary of the outer 
layer. In this case, the circle point can belong to both 
outer and inner layers. Complex permittivity for the 
inner layer is equal to ice; the values of the outer layer 
come to those from a model and correspond to forceful 
absorption. 

 
(a)                                            (b) 

Fig.3. Distribution of|E|2/|E0|2  over a cylinder cross-section.  

Figures 3a and 3b correspond to different 
configurations of the outer layer inner boundary drawn at 
random. Resulting distributions depend on the outer 
layer thickness at a selected point and fit into the 
diagram calculated for the radius of the outer layer inner 
boundary corresponding to the minimum thickness of the 
outer layer. 

4 Heat transfer in disperse systems of 
various structures and configurations 
Heat transfer in dispersed systems of various 
composition, configuration, and particle sizes has been 
studied by the finite element method. Spherical particles 
of real sizes for natural aerosols are examined by 
models, with the collective effects being calculated and 
the dependence of system temperature on a particle size, 
etc. being estimated. The developed model program 
allows calculations for arbitrarily-shaped particles as 
well. 

The model involves a rectangular area of 90 x 70 μm 
with spherical particles of radius 5 and 10 μm placed in 
it. The number of particles range from one to nine; the 
particle packing in the area also varies. Particle 
numbering for mono- and polydisperse systems, as well 
as configurations of systems are given in [11]. 

Key findings of heat transfer in the dispersed system 
with compositionally homogeneous particles are 
published in [11]. Temperature field has been also 
calculated for the system containing particles of 
heterogeneous chemical composition. There have been 
attempts to analyze the influence of nonlinear 
temperature-source relationship on heat transfer in the 
dispersed system.  

The authors consider two temperature-source 
relationships:  

1. 𝑞𝑞 = 𝑞𝑞0 �
𝑇𝑇
𝑇𝑇∞
�
𝜎𝜎

where parameter 𝜎𝜎 ranges from 0.5 
to 2. 

2. 𝑞𝑞 = 𝑞𝑞0𝑒𝑒
𝐸𝐸𝐴𝐴
𝑘𝑘𝑘𝑘where parameter 𝐸𝐸𝐴𝐴

𝑘𝑘𝑇𝑇
 varies within the 

range of 0.001–100.  
The main calculation data are given in [11]. With the 

nonlinear dependence of a heat source on temperature 
and an increase in number of particles, there occurs a 
significant system overheating. For example, if 𝜎𝜎 = 1, 
the representative temperature in the configuration 
system containing eleven particles is nearly three times 
over that in the one-particle configuration. 

From the analysis inspired by computational 
experiments we can conclude that particles of different 
sizes and thermophysical properties increase the 
temperature field non-uniformity in a system, with 
nonlinear effects being manifested under linear 
dependence of the source on temperature, whereas 
nonlinear dependence enhances these effects. If the 
system is polydisperse, presence of larger particles has a 
significant impact on such a distribution, and under 
boundary conditions of the third kind at the external 
boundary of the system, collective effects can change the 
temperature one-and-a-half times or even more. This 
influence is the greater, the more heterogeneous the 
system (in particle size and composition). 

Based on a general approach to solving the problem 
of optimization of heat transfer in a system of N particles 
conditioned by heat sources in each particle, calculation 
formulas for determining optimal configuration 
parameters of the system with two spherical particles and 
optimal external effects are obtained. Representative 
data of numerical model calculations obtained from the 
formulas are given in [14, 15]. To solve an optimization 
problem, the authors use the solutions of the heat transfer 
under electromagnetic radiation for two spherical 
particles [9, 10]. Such governing parameters as external 
electromagnetic source power and configuration of 
particle packing have been used in calculations. 

At the same time, a functional for the corresponding 
system with distributed parameters is minimized. Since 
the configurations of particle packing is chosen on a 
random basis, which significantly complicated the 
calculations, the longitudinal and transverse diameters of 
particle clusters, the distance between centers of two 
largest particles, and similar natural geometric properties 
have been considered as characteristic system 
dimensions. Particle sizes, particle substance matter and 
some other values have been varied. 

We assume that heat transfer in such a system is 
quasi-stationary and ruminate on sequential optimization 
following on from the necessity to minimize the next 
functional: 

( ) ( ) min,
2

→−∫
Γ+Ω

drrTrT з                     (3) 

where𝑇𝑇з(𝑟𝑟) is predetermined temperature. Other options 
for minimizing a functional are presented in [14, 15]. If 
surfaces of all particles have the same temperature, then 
the abovementioned expression is converted to: 
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                           (4) 

An analytical solution has been obtained for the 
system “two spherical particles - continuum medium” 
[10, 11] to distribute temperature in a system of two 
particles in a bispherical coordinate system. 
Differentiating this solution, we have obtained equations 
for extremum parameters of the problem:𝑞𝑞1∗, 𝑞𝑞2∗, 
𝑎𝑎1∗,𝑎𝑎2∗where 𝑞𝑞𝑖𝑖∗are the average particle densities of heat 
sources and 𝑎𝑎𝑖𝑖∗ are particle radii. That corresponds to the 
solution of the optimization problem (4). Solution for the 
case of two spherical particles, where the source 
intensity  and the distance between two centers of 
spheres are chosen as control parameters, has been 
obtained in [10, 11]. 

One can determine the optimal parameters by solving 
a system of equations.  

        (5) 

In numerical model calculations the authors assume 
that ξ =ξ i(on the particle surface). To reduce the number 
of parameters, the following quantities have been 
introduced: 
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Theparametersvarywithin:  

It has been found that the optimal values of typical 
particle size relations depend on the substance of 
particles, their optical properties and the geometry of a 
system. Representative diagrams of such dependencies 
are shown in Fig. 4. 

 

Fig. 4. Optimal dependence of particle radius on heat source 
relation, with η = π / 3, m = 10, ν= 5, k = 22; 44 

Based on the calculation of source relation for the 
water-air system, it follows that the dependence of the 
source on coordinate ηis nonmonotonic. 

In recent years, the intensive investigations have 
been carried out on such structures as clusters by 
methods of computational physics. They are directly 
related to the processes of solid particles association that 
is cluster formation in clouds, coagulation of particles in 
fumes, formation of structures under relaxation of metal 
vapor, etc. If an aerosol particle 10 - 100 μm in size is 
affected by laser radiation of a sufficiently high power, 

the particle breaks up into several particles (a cluster). If 
the internal energy of such “fragments” is close to the 
internal energy of systems governed by equations of a 
continuous medium, the proposed theory can be used to 
describe heat transfer in systems including clusters. 

5 Conclusion 
1. It follows from the calculations for a system of two 
spherical particles that the average value of heat source 
density essentially depends on the location of a two-
particle system relative to the wave vector and the 
electric field vector. It is clear that the influence of the 
second particle on the heat sources density distribution in 
the interior of the first one is great, even a distance 
between particles is large. Not only electromagnetic, but 
thermal interaction of dispersed particles can be much in 
evidence at large distances between their centers. The 
calculations suggest that near the boundary of a 
dispersed particle the temperature distribution is more 
inhomogeneous than in the central regions. This brings 
us to a conclusion that there exists a thermal surface 
layer of the particle, which is characterized by a strongly 
inhomogeneous temperature field inside. When studying 
the thermal interaction of two dispersed particles with 
significantly different absorbing properties, the authors 
have found that there occurs a thermal destruction of a 
low-absorbing particle caused by a temperature jump 
due to electromagnetic resonance in the adjacent high-
absorbing particle. 
2. The computational experiments for two-layer 
cylinders with concentric and non-concentric layers of 
different chemical composition with a randomly selected 
internal boundary between layers have shown that the 
density distributions of internal heat sources 
(proportional to a square of the absorbed field electric 
vector amplitude), depending on the angle in a polar 
coordinate system, take a form on the selected cross-
section dependent on the outer layer thickness. 
3. To study heat transfer in dispersed systems of 
different composition, configuration, and particle sizes, 
computational experiments have been carried out.  The 
outcome of a finite element method analysis is therefore 
that the presence of particles of different sizes and 
thermophysical properties leads to an increase in 
temperature field nonuniformity in a system, with 
nonlinear effects being observed under a linear source 
dependence on temperature, while a nonlinear 
dependence amplifies these effects. If a system is 
polydisperse, the presence of larger particles has a 
significant impact on the distribution, and under 
boundary conditions of the third kind at the external 
system boundary collective effects can change the 
temperature one-and-a-half times or even more. This 
influence is the greater, the more heterogeneous the 
system (in particle size and composition). 
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