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Abstract. The paper proposes a physical and mathematical model of 
nonstationary sublimation of single spherical particles of volatile 
chromium (III) and zirconium (IV) β-diketonates, floating in the flow of a 
binary helium-argon mixture. The influence of the carrier gas composition 
on the kinetics of sublimation has been analyzed. The addition of helium to 
the carrier gas is shown to increase the intensity of sublimation. 

1 Introduction  
Heat and mass transfer at sublimation of solid particles is important for optimizing the 
operation modes of cryogenic systems, for intensifying the low-temperature drying of 
pharmaceuticals and food products, as well as in the development of new technologies of 
chemical vapor deposition (CVD). The technology of applying ceramic thermal barrier 
coatings is one of the key challenges when creating gas turbine engines. A method of 
chemical deposition from the gas phase using volatile compounds of metals with organic 
ligands (MO CVD) is promising for obtaining such coatings [1, 2]. At that, the technology 
has to ensure a sufficiently high growth rate of the coating while maintaining the columnar 
structure. The necessary high concentration of precursor in the vapor phase can be achieved 
through sublimation under the conditions of intensive heat and mass transfer. High intensity 
of heat supply to the surface of particles suspended in an inert carrier gas may be obtained 
in a centrifugal fluidized bed of large inert particles in the vortex chamber [3]. For the 
optimum design of the vortex chamber the essential is the kinetics of substance 
sublimation, depending on the thermodynamic and transport properties of the precursor and 
carrier gas. 

This paper presents the physical and mathematical model of sublimation of a single 
particle of the metalorganic compound, floating in a binary mixture of inert gases. The 
influence of the carrier gas composition on the dynamics of the sublimation process has 
been analyzed. 
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2 Problem statement
The considered phenomenon is nonstationary sublimation of a single spherical particle of 
the precursor (chromium (III) acetylacetonate Cr(aa)3 or zirconium (IV) dipivaloyl-methane 
Zr(dpm)4). The sublimation is believed to occur uniformly over the entire surface of the 
solid particle, and the bulk sublimation inside the pores of the material is not taken into 
account. The precursor particle does not lose its spherical symmetry over time.  

At low velocities of streamlining (diffusion mode of sublimation) the processes of heat 
and mass transfer in the gas phase are described by a system of parabolic partial differential 
equations of heat conduction and diffusion of the second order: 
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For multicomponent gas mixtures (three or more components) the diffusion flux of the i-th 
gas in the mixture depends not only on its own concentration gradient, but also on 
concentration gradients of remaining components of the mixture. A number of approaches 
were developed to describe this effect [4, 5]. The most accurate results are ensured by the 
approaches based on Maxwell-Stefan relations, namely, models of Krishna, Lapin-Strelets, 
etc. However, such approaches require significant computational resources. Simplified 
models based on the concept of effective diffusion coefficient are more economically 
efficient, but often have a limited scope of application. One of the most effective models of 
multicomponent diffusion is Ramshaw model [6], which is used in this work. The diffusion 
flux of each component of the mixture is determined by correlations below: 
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The effective diffusion coefficient is calculated according to the formula: 
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At high velocities of steramlining (convective mode of sublimation) the heat and mass 
transfer intensity on the particle surface is determined by the Ranz-Marshall similarity 
equations [7]: 

 0.5 1 3 0.5 1 3Nu 2 0.6Re Pr , Sh 2 0.6Re Sc .
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  (1) 
The temperature of the solid particle regardless of the sublimation mode is described by the 
heat conduction equation in the form: 
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The main difficulty in the transition from diffusive to convective approximation is that 
the gas mixture composition on the particle surface, necessary for calculating the similarity 
numbers in (1) cannot be determined from the boundary conditions of the problem. For a 
ternary mixture, a solution to this problem is reduced to defining a separation factor of inert 
gases. In this work, the separation factor is determined by the results of the precursor 
sublimation modeling in the diffusion approximation. The obtained data are approximated 
by a rational polynomial of the second degree, depending on the mass fraction of the 
precursor vapor on the particle surface, and then are used to calculate the equations (1).  

Initial and boundary conditions, determining the size of calculation domain, and testing 
the solution method for the binary system Cr(aa)3/Ar are described in detail in [8]. The 
mass fraction of vapor of the precursor 
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temperature of the particle surface and the curve of vapor saturation (sublimation curve). 
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According to [9] for chromium (III) acetylacetonate, the sublimation curve is described by 
the formula: ln 39.197 15308.5 /p T� � ; for zirconium (IV) dipivaloylmethane the data of 
work [10], supplemented by results of specially conducted research in the IIC SB RAS for a 
wider range of temperatures, are approximated by the formula: ln 26.652 11006.4 /p T� � . 
The pressures and temperatures in these correlations are determined in Pa and K, 
correspondently. 

3 Method of solution
The main feature of the solution method is integration of the written differential equations 
system in moving coordinates ( ,� � ), where �  is the time, �  is the relative radial 
coordinate for the area of gas-vapor mixture � � � �g

w e w
r R R R� � � �  and the area of a 

solid particle s

w
r R� � . The position of the phase change boundary 

w
R  is determined by 

the sublimation intensity and is time-dependent. Explicit boundary detection allows 
minimizing the time of computation and improving the accuracy of the results. 

4 Results of modeling 
Fig. 1 presents data for the separation factor of argon-helium mixture, depending on the 
precursor vapors fraction at the phase change boundary, obtained in the diffusion 
approximation. It is shown that there are sublimation modes with a constant ratio of inert 
components in the gas phase. In the case of sublimation of Cr(aa)3 the consistency of ratios 
of mass fractions of Ar and He is observed at 0.9�Ar

e
K , for Zr(dpm)4 – at 0.8Ar

e
K � . At a 

high concentration of argon in the environment ( 0.95Ar

e
K � ) the vapor-gas mixture at the 

phase change boundary is more enriched in helium, and at low concentration it is the other 
way around. The factor of the mixture separation does not depend on the environment gas 
temperature. 

Fig. 1. The ratio of inert components Ar and He at sublimation of the particles of Cr(aa)3 and 
Zr(dpm)4: points – simulation data, and lines – approximation for subsequent calculations in the 
forced convection mode.

Fig. 2 presents the results of calculations of mass flow rates of precursor vapors 
depending on time. It is seen that a small weight addition of helium to argon leads to a 
significant increase in the intensity of the mass transfer and a decrease of the full time of 
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sublimation. For example, at 0.05He

e
K �  the full time of sublimation is twofold less than at 

sublimation in pure argon for both precursors. 

  
Fig. 2. The mass flow rate of Cr(aa)3 and Zr(dpm)4 vapors at the time.

5 Conclusion
Physical and mathematical model of nonstationary sublimation of a single particle of the 
MO CVD precursor floating in the gas-carrier flow with average pressure is presented. 
Numerical simulation of heat and mass transfer with Cr(aa)3 and Zr(dpm)4 precursors 
sublimation in the mixture of inert gases Ar and He has been carried out. The addition of 
helium to argon leads to a significant increase in the mass flow intensity and a decrease of 
the full time of sublimation. 
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