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ABSTRACT NOMENCLATURE

The results of experimental research and numerical 4h [J/kgl2 . Specific enthalpy of sublimation
modeling of convective heat and mass transfer during the © [W/m /KT Stefan—Boltzmann constant

. - . . . Cp [J/kag/K] Specific heat capacity
sublimation of spherical particles of beta-diketonates of metals p [m2s ] Diffusivity coefficient of binary mixture
Cr(acac) and Zr(dpmy in a high-temperature flow of an inert d [m] Diameter of particle
gas (argon or helium) are presented. The sublimation process it | [kg/m/s)] Mass flux of gas mixture
visualized. The temperature and particle size dynamics are K ] Mass fraction of species in mixture

. - f m [kal Mass of particle
obtained. The effect of the carrier-gas properties on the [ Thermal Nusselt number
sublimation intensity of the particles with different initial p [Pa] Pressure
diameters in the temperature range from 200 to ¥30s° Pr 3l Prandtl number
analyzed. It is shown that under the conditions of a high R [m] Radius of particle
. . . r [m] Radial coordinate
intensity of substance removal from the phase ftransition ge [ Reynolds number
surface, the time for complete sublimation of the sample of < [ Schmidt number
Cr(acac) and Zr(dpmy may be less than the time, required to  h [-] Sherwood number
establish an equilibrium temperature between the precursor ¢ [I Lewis number

. T K] Absolute temperature
particle and the vapor-gas flow. t ] Temperature

u [m/s] Velocity of inert gas flow

INTRODUCTION
A shift towards the modular integration of power thermal

Special characters

Eef []

Effective emissivity

parameters of the precursor are significant limitations of 1 [W/m/K] Thermal conductivity coefficient
sublimation rate in the processes of functional coatings using » Ek]g/rnsl Density
T S Time

beta-diketonates of metals during chemical vapour deposition
(MO CVD). The low pressure of saturated vapour at operating
temperature of sublimation process and low thermal stability of

Subscripts and superscripts

Center of particle

compounds do not allow high concentration of precursor Crystal
vapours in the deposition zone sufficient to produce the External flow

. . . . Gas phase
coatings of desired thickness at a high rate. Therefore, an actuz Pressed particle
task for the formation of effective precursor vapour sources is Solid phase

an increase in intensity of sublimation due to intensification of
radiative- convective heat exchange on the surface of precursol
particles in the carrier gas flow.

In the literature, there are a limited number of papers

NROSVLTQ@Q®D®QO

Gas-solid interface
Initial conditions
Precursor

Inert gas (Ar or He)

devoted to the study of heat and mass transfer duringsublimation in the gas flow is reduction of convective heat
sublimation. One can note the study of transport processestransfer to the phase transition surface due to intense transverse
during sublimation of ice [1] at cryogenic temperatures. Mass vapor flux, injected from the particle, which was not taken into
transfer in the sublimation process of metal-organic compoundsaccount in the above mentioned studies.

was considered in [2-4]. The generalizing mass and heat \varjous thermodynamic states of matter: stable, metastable
transfer ~correlation dependencies were received. The gnd labile are analyzed in [5] in the description of sublimation.
experimental conditions in these studies allowed accepting the|t is noted, in particular, that in the case of crystallinity

assumption that the temperatures of the argon-filled reactor andsyplimation, large grains sublimate more slowly than smaller
the phase transition surface were equal. Such statement may be&tructural formations.

incorrect for high-intensity sublimation of particles, suspended |f the steam becomes supersaturated, embryo formation and
in the carrier gas stream. An important feature of high-intensity desublimation occur. The important factor on which the
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desublimation depends is the ratio of heat and mass transfercharacteristic crystal size of Cr(acaend Zr(dpm) of about
intensities (i.e. whether the growth of the solid phase occurs on20-50um. The source material was wetted with heptane and
the substrate surface or in the gas phase) [6]. The direction ofpressed to obtain a spherical bead using metallic mold. Samples
the process can be estimated by analyzing the value of thewere spheres with diameters of 4 mm with micro-
Lewis numberLe. If Le>1 the heat exchange occurs more thermocouples of type K. Diameter of thermo-electrodes was
intensively than mass transfer, and the transition to the solid 100 um. A sample with an initial room temperature was placed
phase occurs not on the surface of the particle (reactor wall) butin a heated stream of argon or helium at atmospheric pressure.
in the flow. Some peculiarities of heat and mass transfer in theThe flow preparation device is shown on Figure 1. An
phase transition arising in binary systems wlith # 1 are axisymmetric jet of gas with velocity and temperature constant
considered in [7-9]. along the radial nozzle flowed onto the studied sample from the
In the paper we present the results of experimental studiesprofiled nozzle. The gas stream preparation system was placed
and numerical simulations of the kinetics of sublimation of a inside a thermostated housing, equipped with PID control

single spherical precursor particle in an inert gas stream. systems. The flow temperature was set in the range from 200 to
330 °C. Measurements of convective and radiant heat fluxes at
EXPERIMENTAL PROCEDURE a distance of one nozzle diameter (12 mm), made with the help

of a gradient heat flow sensor, showed that the contribution of
radiation to the total heat flux at the surface without
sublimation did not exceed 20%. The gas supply in our
experiments was carried out by the digital flow controllers and
was set at 8 sim.

NUMERICAL METHOD

Numerical simulation was based on the physico-
mathematical model of non-stationary sublimation of a single
particle of the spherical precursor that flows in the gas stream
of a medium-pressure carrier gas flow. The sublimation process
was assumed to occur uniformly from the entire surface of the
solid particle; a volumetric sublimation inside the pores of the
material was not taken into account; and the particle of the
precursor did not lose spherical symmetry over time.

At low flow velocities (diffusion sublimation regime), the
heat and mass transfer processes in the gas phase are describec
by a system of parabolic second-order differential equations in
partial derivatives of heat conductivity and diffusion [10]:

Jor 10 oT aT 9K 2
clp?d = == 2| 9 |+09D(c? -9, |1 (1
PToot rzar[ arj P ( Pt Pz)ar or @
oK 10 oK?
=L =S| pDri—= |, Kf=1-K/. 2

At high flow velocities (convective sublimation regime), the
Rantz-Marshall similarity relations determine the heat and mass
transfer on the particle surface:

Nu=2+06RE° Pr*, Sk 2 06Re 5. (3)

The temperature of a solid particle, regardless of the
sublimation regime, is described by the heat conduction
equation of the form:

S L)

(4)

Figure 1 The scheme (a) and the photograph (b) of the device PTor r?or or
for the flow preparation: 1 — upper part of the thermostat, The system of equations (1-4) was supplemented with the
2 —nozzle apparatus filled with quartz beads, 3 — gas state equation of ideal gas for the mixture of precursor vapor
distributor, 4 — tubular heater, 5 — lower part of the and gas carrier, data on thermodynamic and transport properties
thermostat, 6 — electrical commutation unit, 7 — supply of the precursor in the solid and vapor states, value of
of inert gas, 8 — outlet of heated gas, 9 — test sample, sublimation enthalpy, and temperature dependence of precursor
10 - video camera (thermal imager). vapor pressure [11-15].

) o At the initial time the radiu®}, and the temperature of the
To study the heat and mass transfer during sublimation a

number of samples were prepared from precursor with precursor particlet; are given. In the diffusion sublimation
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regime the size of the region occupied by the gas pRaseas 21042 €, and for the Zr(dpm)sublimation it was 250+ It

set for R >>R, . In the gas phase region the temperature at the can be noted tha’g the molded particles are somewhat flattened
as the substance is carried away, but they do not lose symmetry

initial time was tJ and the concentration of precursor vapor jith respect to the vertical axis, which gives grounds for

(Klg) was zero. The pressurp, was kept constant. In the applying the simplified model in numerical analysis. The
0 thermograms of sublimation of a molded particle and a crystal

convective mode of sublimation the gas phase region was nolof the same initial mass practically do not differ from each
modeled. The thermal and diffusion fluxes at the interfacial gther. The experimental estimates show that the crystalline
surface are determined by the heat and mass transfer lawgjensity of precursors is approximately twice as large as the
depending on the Reynolds number (3). The Reynolds numbergensity of the molded particle. With the same mass, the
was determined from the diameter of the precursor particle andnominal diameter of the crystal® = d° 132 =0.8° is only

the relative velocity of flow around the particle by a stream of _ .
y P y 20% less than the diameter of the molded particle. On the one

argon or heliumi, . N hand, this can explain the weak effect of density on heat and
Boundary conditions at r=0 were: dT/or=0, mass transfer processes on the surface of particles; on the other

OK:/or=0 at r=R (in diffusion mode), dT/or =0, hand, this gives grounds to extend the results of this study to

the case of sublimation of single crystals in a carrier flow of an

o /A _ , ,
0K?/or =0. The temperature at the interfacial surface was inert gas, which is characteristic of high-performance

determined from the heat balance: sublimators.
oT p°D oK? oT
g’ et 4 _T4 - s¥'
[/1 ar ). + 1-K°® ar Ah+ Eq C (Tw Te ) A ar ). . Cr(acac); /Ar Cr(acac); /Ar Zr(dpm), /Ar Zr(dpm), / He
Ry 1 Ry Ry pressed particle crystal pressed particle ~ pressed particle

In the convective mode of sublimation:
At r =R, 9K:/dr =0. The precursor vapor mass fraction

1 min
v

(Kf‘) at the interfacial surface =R is related to the
w

temperature of the sublimating surfagg by the equation of

the vapor saturation curve of the corresponding precursor. The _
position of the interface is determined from the solution of &

equation:

ﬂ_i[ p°D aKf’J )
or p% 1-K? or -

The main feature of the solution method is the integration

of the outlined system of differential equations in moving

coordinates:é® =&° =7 (time) andn® =(r-R,)/(R -R,).
n°=r/R,, (respective radial coordinates for the gas-vapor Figure2 Visualization of precursoiSr(acac} and Zr(dpmy

mixture and the solid particle region). The position of the phase sublimation process into the Ar or He flow.

transition boundary is determined from the intensity of ) ] ) ]
sublimation and depends on the time (5). The computational  'N€ right-hand side of Figure 2 shows the dynamics of the
grid in physical coordinates is reconstructed at each step ofParticle size variation Zr(dpmjupon sublimation into argon
integration over time. The explicit border allocation allows @nd helium. It is clearly seen that sublimation into the helium
minimizing the computing time and improving the accuracy of floW is much more intense than in the flow of argon. Figure 3
the obtained results. The system of equations in new shows a thermogrz_im of the Cr(acggrticle sublimation into _
coordinates is discretized by an implicit scheme, and the @90n, corresponding to the left-hand row of photographs in
resulting system of algebraic equations is solved by the sweepF'gure 2._The (_Jlata are presented in comparison with the results
method. The nonlinearity of the system of equations is of numerical simulation. The temperature change process can

eliminated by the method of simple iterations at each step of be divided into three stages. The first stage is the particle

integration over time. heating from the initial room temperature to the equilibrium
sublimation temperature for about 40 s. The second stage is
DISCUSSION OF RESULTS temperature stabilization for about 580 s (with a weak growth

Figure 2 shows the top-down sequences of frames from in the experiment). The third stage is_a sharp increase in
video, obtained by visualizing the process of sublimation of emperature at the end of the sublimation process for about
precursors Cr(acaghnd Zr(dpm)into the flow of Ar or He. 20 s. As you can see from data presented at Figure 4, the results
The speed of the incoming argon flow was 1.9 m/s, and the one®f numerical simulation are in good agreement with the
of helium was 2.1 m/s. During Cr(acacsublimation the experiment. It should be noted that to describe the level of

temperature of the oncoming stream was maintained equal to®quilibrium temperature and its growth in the third stage of the
process one should take into account the radiation in the heat
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transfer model. Although the contribution of radiation to the the temperature of the studying sample ceases to change. Under
thermal balance at the phase transition boundary is not largecertain conditions, the stabilization stage may disappear at all,
(about 20%), the decrease in the equilibrium temperature of theand a stationary sublimation process may become impossible.
particle leads to a significant decrease in the saturation pressurdll the time until the complete transition into the vapor phase,
of the precursor vapor and consequently to a decrease in théhe temperature of the sample continuously changes.
sublimation intensity. Calculations show that the total

sublimation time, obtained without taking radiation into 310 110
°C t,—t.,°C
t,=287°C

account, is approximately half of the time of sublimation, ¢,
obtained considering radiation. The reason of some temperature 290 -
increase in the second stage of the process may be associate
with the formation of large pores in the particle structure and
with periodic contact of the hot stream and the junction of the
thermocouple. This is especially noticeable at the end of the
sublimation process, when the particle is a bundle of
interwoven crystalline filaments, enveloping the thermocouple

junction (see photo on the right in Figure 3). 230 +
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g o ) Figure 4 Changes of temperature of Zr(dpreample with
150 s P # 12 a diameter of 4.5 mm at Ar flowing with velocity=1.91 m/s.
(]

. 08 The photo in the field of Figure 5 shows that when a
: Zr(dpm), particle is in the helium flow with a temperature of
277 °C, the growth of thin dendroid crystals on the surface of
O, L 0.4 the sample takes place. This process was not taken into account
® in numerical modeling, which can also be the reason for the
5 discrepancy between the calculated data and the data of the
0,0 Zr(dpm), sublimation experiment. It may be assumed that in
7,5 1000 the experiment due to the radiation heat loss from the stern part

Figure 3 The temperature (scale on the left) and the diameter of of the particle into the surrounding cold space the surface

the sample (scale on the right) of Cr(agabange in time upon ~ témperature is locally reduced. This may lead to partial
sublimation into the Ar flow: Solid lines — calculation without ~ desublimation of the precursor vapor. In the study of water ice

10

200 ~

100

Cr(acac), / Ar
d, =4 mm, m, =25 mg
u, =191m/s, 1, =30°C

50

T
1 10 100

radiation; Dotted lines — taking into account radiation; sublimation into vacuum [16] the appearance of similar

Points — experimental data. dendroid-like crystals was detected. The authors of [16]

associated desublimation with manifestation of the phase

Figure 4 presents data on the sublimation of Zr(dpmy transition non-equilibrium (local supersaturation of vapors).

an argon stream c with a temperature of 2871°@ seen that It is interesting to note that regardless of reaching the

at the stabilization stage the temperature increase isstati(_)nary_ heat state of the particleé the time dependen_ce of the
substantially greater than for the precurs@r(acac). relative diameter of the sampld/dp)” was close to the linear

Apparently, this is due to high influence of radiation, because one (see Figure 5). Itis known that for liquid drops a practically
the equilibrium temperature of the particle of Zr(dpin)this linear decrease in the square of the relative diameter

experiment is much higher than in the experiment with corresponds to the diffusion mode of evaporation, when
Cr(acac). In particular, this is confirmed by the calculation radiation and convection may be neglected. Such a mode of

results, presented in Figure 4 by solid lines, which are obtainedevaporation (sublimation) is characterized by a non-stationary
taking into account radiant heat exchange with the of mass flux at the surface unlike the data of [2] where it was

environment. It can be noted that for this substance there arenoted that when the beta-diketonates are sublimated from a flat

not enough reliable data on key thermodynamic and transportWall the mass flux was constant during the stabilization stage.
properties, especially for the vapor phase. The data presented in The numerical simulation results obtained in this paper for
the literature even on saturation pressure diverge a few timesthe experimental conditions show a linear decrease in the

which significantly affects the intensity of sublimation obtained Square of the relative particle diameter versus time, and
by calculation. correlate well with the results of the sublimation experiment

With a temperature drop of the incident flow upon into the helium flux. As can be seen from Figure 5, sublimation

sublimation of Zr(dpmy)the temperature drift associated with Of Zr(dpm), into helium occurs much more intensely than in the
the radiation is significantly reduced. At the stabilization stage, argon flow.

731



13th International Conference on Heat Transfer, Fluid Mechanics and Thermodynamics
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Figure 5 Change of the relative diameter of Zr(dpsgample
in time during sublimation in a flow of argon or helium.
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Figure 6 Changes in diameters of particles of chromium
and zirconiunf-diketonates depending on time of sublimation
into various gases.

Figure 6 presents numerical modeling data, showing
changes in relative particle diameter of chromium and

zirconium B-diketonates in time during the sublimation to the compounds may be thermally unstable.

carrier flow of argon and helium at a flow velocity of 10 m/s.

The increase in sublimation intensity is believed to be due
to the fact that thermal conductivity and heat capacity of helium
are higher than in argon. An increase in these parameters leads
to an intensification of heat transfer at the boundary of the
phase transition, which leads to an increase in the temperature
of the particle and an increase in the vapor pressure at its
surface. In addition, when sublimation occurs into the helium
flow, the temperature difference between the incoming gas and
the equilibrium temperature of the particle decreases during the
stabilization stage. This may be important for CVD processes
in which thermally unstable organometallic compounds are
used. As you can see, helium is the best carrier gas for building
high-performance flow-through sublimators.

CONCLUSION

The results of the study of radiation-convective heat and
mass transfer during sublimation of spherical particles of
Cr(acac) and Zr(dpm) beta metal diketonates into a high-
temperature inert gas flow are presented. It is shown that heat
exchange by radiation can lead to a substantial decrease in the
saturation pressure of the precursor vapor and, consequently, to
a decrease in the intensity of sublimation. The total sublimation
time, obtained without taking radiation into account in
numerical simulation is approximately half the time of
sublimation obtained considering radiation.

Simultaneously with Zr(dpm)sublimation, probably due to
heat radiation from the stern part of the particle to the
surrounding space, the surface temperature locally decreases,
which leads to a partial desublimation of the precursor vapor.
The growth of dendroid-likerystals was observed in the flow
of a particle of Zr(dpm)by a helium stream with a temperature
of 277 °C. The results of numerical simulation showed that for
fine particles, under conditions of intense convective heat and
mass transfer, the time for complete sublimation is the same or
shorter than the time for heating the particle to equilibrium
temperature. Such a regime is characterized by higher intensity
of the mass flow of matter from the particle surface compared
to the equilibrium sublimation regime. Based on experimental
data and simulation results, it has been shown that the use of
helium as a carrier gas allows reducing the temperature

difference between the flow and the precursor particle while
maintaining high sublimation intensity, which may be
important for CVD processes, where organometallic
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