POWDER METALLURGY AND FUNCTIONAL COATINGS. 2024;18(3):49-61

ST PM s FC Ageeva M.V., Demin V.A., Demina T.V. Physical and mathematical model of the silicon vapor ...

Porous Materials and Biomaterials

@

MopucTbie MaTepuansl n 6uoMaTepuansl

UDC 533.72; 533.59 Research article
https://doi.org/10.17073/1997-308X-2024-3-49-61 Hayunas cmames

90

Physical and mathematical model
of the silicon vapor transport
during high-temperature silicification
of a porous carbon media
M. V. Ageeva®>2, V. A. Demin’ 3%, T. V. Demina’>?

IPerm State National Research University
15 Bukirev Str., Perm 614068, Russia
2 Institute of Continuous Media Mechanics, Ural Branch, Russian Academy of Sciences
1 Korolev Str., Perm 614013, Russia
3 Perm National Research Polytechnic University
29 Komsomolskiy Prosp., Perm 614990, Russia

&) demin@psu.ru
Abstract. A new physical and mathematical model of silicon vapor transport under medium vacuum conditions has been developed, which

makes it possible to explain the anomalously intense mass transfer of silicon during high-temperature silicification of a porous carbon
material. A formula has been derived showing how the product must be supercooled in order for the condensation process to occur
in its pores. The resulting modified diffusion equation makes it possible to determine quantitatively the flow of gaseous silicon into
the sample, which is highly demanded in the implementation of the porous fiber carbidization technology and the subsequent complete
saturation of the product pores with unreacted silicon. We introduce and quantify a new parameter, showing the contribution of convec-
tive transport to the overall mass transfer of silicon through an external gas medium, the role of which is played by argon. An exact
analytical solution of the equation for silicon transfer in a one-dimensional formulation has been found for a layer of porous medium
with a flat surface. The solution has the form of a logarithmic profile and allows us to calculate the flow of gaseous silicon at the entrance
to the product. The proposed approach is demonstrated on the example of two-dimensional calculations performed by the finite diffe-
rence method, however, the proposed model is easily generalized to the case of three-dimensional calculations with complex geometry,
which always has to be dealt with in a real technological process. Calculations in a two-dimensional formulation have performed for
two model systems: when the melt mirror and the product are parallel or perpendicular to each other. The dynamics of silicon vapor
propagation in the retort has been studied. It is shown that in the conditions under consideration, gaseous silicon, after the onset
of vaporization, fills the entire space of the retort in a characteristic time of less than 1 s.
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AHHOTauMﬂ. Pa3pa60TaHa HOBas q)HSI/IKO-MaTeMaTI/I‘IeCKaSI MOZ€JIb TPAHCIIOPTAa NapOB KPEMHUSA B YCIIOBUAX CPEAHETO BaKyyMa, [I03BO-

JsTroMIast OOBSICHUTH AaHOMAJIBHO HHTEHCHBHBIM MAaCCONIEPEHOC KPEMHHS B XOJI€ BRICOKOTEMIEPATYPHOTO CHIIMIIPOBAHUS TIOPHCTOTO
yriaepoxHoro mMarepuana. BeiBenena ¢opmyra, mokaspIBaromast, Kak M3eIHe JOIKHO OBITH MEepeoXIaxkeHO, YTOOBI B €r0 mopax
mren npouecc kouaencanu. [lorydeno moandunuposanHoe ypasHenue Auddy3nu aist KOIMIeCTBEHHOTO ONIPEAeIeHNs pacpee-
JICHUsI KOHIIEHTPAIMU Ta3000pa3HOT0 KPEMHHUS B PETOPTE, YTO KpaifHe BOCTPEOOBAHO MPH PEANN3aUH TEXHOIOTHH KapOuIH3aIiin
YTIEPOTHOTO BOJIOKHA W MOCIIEAYIOMIET0 MOJHOTO HACHIIICHUS TIOp CHIMIMPYEMOTO M3/eNHs HelpPOpearnpoBaBIINM KPEMHHEM.
BBerieH 1 KOIMUECTBEHHO OLCHEH HOBBIM MapaMeTp, MTOKa3bIBAIONINI BKJIAJ KOHBEKTHBHOTO TPAHCIIOPTa B OOIIMH MaccOIepeHoC
KPEMHHUS 4epe3 Cpely CTOPOHHETO rasa, pojib KOTOPOro MrpaeT aproH. HalimeHo TouHOe aHAaIMTHYECKOE PEIICHHE TOTO ypaB-
HEHUSI B OJHOMEPHON IOCTAHOBKE ISl CIIOSI HOPUCTOI CPEeIbI ¢ IIIOCKOH TOBEPXHOCTHIO. PerieHne MMeeT BH/ JIOrapu(pMHUIECKOTO
PO UIIS U MO3BOJIAET BEYHUCIUTE MOTOK ra3000pa3HOr0 KpEeMHHS Ha BXOZIE B m3enne. MimtmocTpanust paboTocriocOOHOCTH Mpe-
J1araeMoro mojxopa, Oosee MpUOMIDKEHHAs K AEHCTBUTENBHOCTH, MPOU3BOAUTCS IyTE€M JIBYMEPHBIX PAcdeTOB, BBHITOTHEHHBIX
METOIOM KOHEYHBIX pa3zHoCTeil. B To ke Bpems mpesiaraemasi MOJENb JITKO 0000IIaeTcs Ha caydail TPEeXMEpPHBIX BBIUMCICHHI
CO CIIOKHOH TeOMeTpHeHi, ¢ 4eM BCer/a MPUXOAUTCS UMETh JeI0 B peaJbHOM TEXHOJIOTHIECKOM mporecce. PacyeTs! B 1ByMepHOI
MIOCTAHOBKE BBINTOTHEHBI JUIS IBYX MOJICNTBHBIX CHCTEM, KOT/Ia 3epKaio pacIuiaBa M M3AENNe NMapauleIbHbl WU TePIeHINKYIISIPHBI
npyr apyry. McenenoBana auHaMHKa pacripoCTpaHEHUs MapoB KpeMHuUs B petopre. [loka3aHo, 9To B pacCMaTpHBaeMBIX yCIOBHSIX
ra3000pa3HbIil KpeMHHUIT OCIIe Havata mapooOpa30BaHus 3aIIOIHSACT BCE IIPOCTPAHCTBO PETOPTHI 32 XapaKTepHOe BpeMst MeHee 1 c.

KnioueBbie c/1oBa: (HyHKIMOHAIBHBIE TIOKPBITHS, BBICOKOTEMIIEPATYPHOE CHIIMLIMPOBAHKE, YHCICHHOE MOJICITMPOBAHHE.

Ans yntnposanms: Areesa M.B., Jlemun B.A., Jlemuna T.B. ®usnko-maremMaTndeckas MOJICb JOCTABKU MTAPOB KPEMHUSI B XOJIC BbI-
COKOTEMITCPATyPHOTO CHIIMIIMPOBAHUS TTOPUCTBIX YIICPOMHBIX MaTepHanoB. Mzsecmus 6y306. [lopowikosas memaniypeusi u (hyHK-
yuoHnanvhwvie nokpoimusi. 2024;18(3):49-61. https://doi.org/10.17073/1997-308X-2024-3-49-61

Introduction

Currently, composite materials (CM) occupy
a serious niche in all industries and are used both for
manufacturing individual products and as coatings
with special properties. CM unique properties account
for their active use. In particular, CMs obtained by high
temperature silicification of a porous carbon frame
have high antioxidant properties, low density and,
with the proper technique used, a high degree of tight-
ness [1; 2]. Technologically, high temperature silicifi-
cation is conducted under medium vacuum conditions
in the inert carrier gas (argon) [3].

The attempts were earlier made to develop a comp-
lete physical and mathematical model for the vapor-
phase silicification method, which included a quan-
titative description of the process of filling pores
inside the sample and, in addition, solving the adjoint
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problem of silicon vapor transfer from the melt mir-
ror to the product [4-6]. However, the authors of these
works faced an unbridgeable gap between the calcula-
tion results and experimental data at the stage of numer-
ical simulation of the diffusion transport of sili-
con vapor in the working space of the retort. The phy-
sical and mathematical model underlying the descrip-
tion of the process was based on the assumption that
the main transfer mechanism is diffusion, and the con-
centration of silicon vapor on the melt mirror at a given
operating temperature cannot exceed that of the satu-
rated vapor. According to the diffusion equation solu-
tion, even if silicon is fully consumed on the surface
of the sample, the vapor mass flow proves insufficient
to completely siliconize the product within a reason-
able time. The authors of [4-6] predicted that for sili-
con vapor to overcome the diffusion barrier in the form
of an atmosphere of residual gas during silicification,
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the crucibles with the melt should be put as close
to the product as possible, while in reality this factor
is not decisive, and often some areas of a largesized
product remain “dry”, despite the fact that the crucibles
with molten silicon are located as close to the sample
surface as possible.

Moreover, the experience shows that porous car-
bon matrices can be saturated with silicon, and various
variants of this technique have long been commercially
implemented in many manufacturing procedures. Thus,
it is still very important to quantitatively determine
the mass flow of silicon vapor through the blank sur-
face for monitoring the manufacturing procedure when
functional coatings are formed or the process of deep
impregnation of a porous material is controlled.

All currently known modern techniques for pro-
ducing high temperature CMs are continuously
improved [7-9] and, due to their increasing complexity,
require more advanced approaches at different imple-
mentation stages, including the construction of new
physical and mathematical models to describe the pro-
cesses occurring. Applied to real production conditions,
the process of gaseous silicon transfer from the melt
mirror to the product surface during high tempera-
ture silicification of a carbon porous material must be
described by an elaborate system of partial differential
equations, and its adequate simulation requires track-
ing of many complicating factors, including convec-
tive mass transfer [10]. At the same time, the technique
is essentially three-dimensional and requires a highly
detailed computational grid due to numerous crucibles
with melt in the retort and their complex arrangement
in the working space of the furnace [7]. At the moment,
the fullfledged 3D numerical simulation of this pro-
cess is impossible. As a result, the available models
for describing the gaseous silicon transfer in the hearth
of an industrial furnace during high temperature
silicification are limited to elemental approaches. As
this process is conducted in the medium vacuum and
at extremely high temperatures above the silicon melt-
ing point (7> 1683 K), diffusion was believed to play
a decisive role in ensuring the transfer of gaseous sili-
con from the melt to the product, and it was the only
value taken into account in physical analysis-mathe-
matical models [4—6].

The use of real values of the diffusion coefficient
in the transfer equation does not ensure silicon supply
in the amount required for full-fledged silicifica-
tion of the product that can be experimentally observed.
We face a paradoxical situation, since the facts speak
for themselves: the experiments show that under cer-
tain conditions, a product can still be saturated with
the required amount of silicon, but the existing theory
denies this possibility. This means that we do not fully

understand all physical conditions required for the suc-
cessful implementation of the silicification process.

Thus, the objective of this work is to explain
the experimentally observed abnormally strong transfer
of gaseous silicon from the melt mirror to the product
surface. The goal of the theoretical study is to construct
a more advanced physical and mathematical model
of the silicon vapor transfer in the working space
of the retort. This model should be tested on the example
of specific formulations to prove that it is more plau-
sible compared to its purely diffusion analogue.

Analysis of basic equations

The equation of classical diffusion in a three-dimen-
sional formulation [11], which is conventionally used
to calculate the distribution of silicon vapor in a retort,
looks as follows

ac _
ot

o’C  o°C o°C
D 2 + 2 + 2 )

ox~  oy° Oz
where D is the diffusion coefficient (assumed to be
a constant) and C is the mass concentration. This is
a wellknown second-order partial parabolic differential
equation. In the stationary case (0/0t = 0), the problem
is simplified and reduced to Laplace’s equation AC = 0.

To begin with, without getting into specifics
of the manufacturing method, it makes sense, follow-
ing the study [10], to consider the process as a simple
model, when the product surfaces and the melt are
two parallel planes located at a distance L from each
other (Fig. 1). Hereinafter we will neglect the effect
of gravity. Suppose the concentration of saturated
silicon vapor C(L) = C| is specified on the melt mir-
ror, while on the left boundary, as gaseous silicon is
completely absorbed by the porous medium, the condi-
tion C(0) = 0 is maintained.

In a one-dimensional formulation, Laplace’s equa-
tion with these boundary conditions leads to the only
nontrivial solution in the form of a linear dependence

C
C(x)=—x,
() =—-x

which is schematically shown in Fig. 1. The characte-
ristic distance L between the melt mirror and the pro-
duct is about 0.5+1.5 m.

According to the experimental data, the saturated
vapor pressure for silicon at temperatures not much
higher than the silicon melting point is very low and
is equal in order of magnitude to p =10 Pa [12; 13].
The volumetric concentration for gaseous silicon in
the saturated state is calculated based on the saturated
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Fig. 1. Geometry of the problem
1 — product, 2 — surface of the melt
C_— concentration of saturation
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vapor pressure using the gas equation. At an operating
temperature is 1800 K, it gives a value of the order
of n.~4-10°m>. Let us compare the theoretically
predicted silicon flux density with the experimentally
observed value. The silicon transfer is determined by
diffusion only, however, in this case the silicon flux
density is determined by Fick’s equation:

Js=—pDVC =-DVpy, (1)

where p is gas density and C is mass concentration.
We will assess the diffusion coefficient of silicon atoms
for medium vacuum conditions in an argon atmosphere
using the wellknown formula of the molecular kinetic
theory [14]:

3 KT [mkT _3 (*7)" o)
8 G P 2Ml2 8 dszip\/nmo

Where 6, is a crosssection for scattering for two par-
ticles, p,, is a reduced mass, and k is the Boltzmann
constant. For two particles with approximately equal
mass and size, we have 6, = nd?, u,, = my/2. The mass
of one silicon atom is equal to m, = 4.7-107¢ kg. From
the tabulated data we take the diameter of a silicon atom
dy,=2.3-10""m. We thus obtain D =0.7 m?%s. Such
an unusually large value of the diffusion coefficient
is attributed to two factors: the environment under

the medium vacuum conditions is extremely rarified
and the temperature is high.

Taking into account that the density of silicon on
the melt mirror is pg; = pg pg,/(RT) = 1.87-107 kg/m’,
the formula (1) predicts a very low silicon flux density:
Jg; = 2.62:107° kg/(m*:s). The industrial engineers spe-
cializing in silicification of carbon products claim that
this is clearly not enough to completely block the pores
within reasonable time, given the material porosity.
However, in practice, if certain conditions experimen-
tally determined by industrial engineers are met, prod-
ucts of various shapes are still successfully saturated
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with silicon. Thus, we can confidently state that all
failures during the manufacturing procedure are deter-
mined by completely different factors, namely the tem-
perature distribution throughout the product [15]. It
is obvious that silicon vapor can transit from a gase-
ous state to a liquid or solid state only if the product
temperature is lower than that of vapor [16—18]. After
equalizing the temperature, in theory the process
of silicification should stop due to condensation in
the porous material. In this case, the surrounding gas
and the product come into thermodynamic equilib-
rium. For a general understanding, let us calculate
how much the product should be supercooled so that
silicon is condensed on it. The boundary between two
phases (vapor and liquid) is determined by the socalled
Clapeyron—Clausius equation [19], which, as is known,
is derived from the condition of continuity of the ther-
modynamic potential:
ar q 4 £

—=—"t =1 v,=-2 3
ar Tv-v,)" ' m’ % m, @

Where g is specific heat of the phase transition; P is gas
pressure; 7 is temperature; v, v, is specific volumes
of vapor and liquid, respectively, m%/kg. It should be
noted that for vapor and liquid the expression v, > v, is
valid; so, the equation (3) can be simplified to

T )
dP ¢
In the approximation under consideration, the index
corresponding to the vapor specific volume is not required
and it is omitted in further calculations. The phase tran-
sition curve is shown schematically in Fig. 2.

We will assume that the actual conditions for
silicon vapors during silicification are not far from
the saturation state and correspond to temperature 7.
The transition to a supersaturated state at the same
pressure obviously requires lower product tempera-
ture. Suppose the assumed saturated vapor pressure at
temperature 7' is equal to P, . Since in reality the vapor
is not saturated, its real pressure is @P , where ¢ is
relative vapor humidity. In practice, with decreasing
temperature, the vapor pressure automatically drops
to the value P,.

The gas volume and mass remain the same, so we
get an isochoric process described by the equation

B _ef
L T
In Fig.2, the isochoric process is indicated

by arrows, and the final state is characterized by
the threshold pressure and temperature corresponding
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Fig. 2. P-T diagram of phase states

Puc. 2. ®azoBbie cocTosiust Ha auarpamme P—T

to the condensation point. Hence, we get the pressure
in the final state: P, = oP, T,,/T,.

On the other hand, at each point on the phase dia-
gram, the gas state is described by the Mendeleev—
Clapeyron equation, from which the specific volume
can be derived from the vapor pressure and temperature:

PV Rm Pv R RT
— = =, V=", (5)
r  p T upP

where V' is overall volume, p molar mass, R is uni-
versal gas constant, and v is volume per unit mass.
For the sake of clarity, we replace the derivative in
the Clapeyron—Clausius equation (4) with finite differ-
ences, at the same time eliminating the specific volume
using the equation (5):

TZ_TI_VTI T2_TI_RTI2 (6)
P-F q P-K quR

It should be noted that, from a mathematical point
of view, the derivative in the equation (6) represents
the socalled onesided difference in point /. Next, we
substitute the expression for pressure P, during the iso-
process in the equation (6) and derive the required
temperature difference. The initial pressure P, reduces
in the resultant expression, and, at first glance, it
seems strange that nothing depends on it. However,
unambiguous complete information about the initial
state of silicon vapor is still contained in this equa-
tion, since in addition to temperature it includes vapor
relative humidity. Simple arithmetic operations enable
to express the final temperature difference:

- _ R (0-1)

T, - )
ug — RTo

(7)

The formula (7) shows that the temperature diffe-
rence is negative, therefore, the product temperature
should be lowered compared to the gas tempera-
ture. As an example, let us estimate the temperature

difference for realistic parameter values: ¢ =0.8,
q=13.8-10°J/kg, p=28-107 kg/mol, T,=1790K.
The selected temperature 7', exceeds the silicon melt-
ing point by 102 K. It stays within the operating tem-
perature range of the retort. The resulting equation is
I,-T,=-15K.

In other words, according to the calculations,
the required temperature difference is small, but,
the analysis of the thermophysical situation under indus-
trial conditions reveals that this temperature factor is not
controlled at all and this requirement is unlikely to be
met in the fullscale manufacturing process. The esti-
mates show that higher temperatures in the upper area
of the working space inside the retort have an especially
negative impact. This explains why, when largesized
products are siliconized, their upper part is often less
saturated with silicon than the lower part. The reason is
that at the base of the product the temperature is much
lower most of the time than in the upper area. All physi-
cal factors affecting uniform temperature distribution up
and down the retort contribute to enhancing this strati-
fication. The convection, the vacuum pumps located
near the bottom, low thermal insulation at the base
of the working space, side heaters positioned quite high
from the base — all these factors result in a specific ther-
mal stratification with a temperature gradient mostly
directed upward vertically. Therefore, the temperature
difference required by the formula (7) between sili-
con vapor and the product, can only occur near the lower
boundary of the working space, if at all.

However, let us return to the truly pressing issue
of supplying silicon vapor to the product, since it is
clear that it must be solved regardless of the prob-
lem related to heat distribution in the retort during
silicification.

New physical and mathematical model
of silicon vapor transfer

We will assume that under the conditions under con-
sideration, there is an additional convective transport
mechanism, along with the diffusive one. A more gene-
ral equation for the transport of an impurity as a con-
tinuous medium, taking this factor into account [11], is
written as follows

% + (Vv)c = DAC, (8)

where ¥ is macroscopic (mass) speed of a physically
small element of gas.

The main problem related to the use of the equa-
tion (8) is its closure. Within the framework of con-
tinuum mechanics, fluid dynamics are generally deter-
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mined by the Navier—Stokes equation [11]. In the case
of three-dimensional calculations, these are three non-
linear partial differential equations for three velocity
components v,(x,y,z,t), where i = 1, 3. These equations
include two more unknown quantities — pressure and
variable density, which also has to be determined dur-
ing the problem solution. As a result, two more equa-
tions are added to the system: conservation of mass
in differential form and the equation of state. Thus,
the resulting system of equations becomes extremely
lengthy and difficult to solve.

Currently, direct numerical simulation of the pro-
cesses under consideration in a full three-dimensional
formulation is very difficult, even when high-perfor-
mance supercomputers are used. The challenge is
to formulate the problem in a simplified way so that
two conditions are simultaneously met — on the one
hand, all the physical factors relevant for an ade-
quate description of these processes should be taken
into account, and on the other hand, models should not
be unnecessarily complex so that the problem could
be calculated within a reasonable time and would not
require excessive computing power.

Following the approach implemented in [10], we
will consider the Navier—Stokes equation in its full
formulation and evaluate the contribution of each
term, assuming that gaseous silicon moves through
the argon parent fluid as through a porous medium.
In the hydrodynamics of porous media [20], it is
important to distinguish between pore velocity v and
filtration velocity v. The filtration rate is determined
through the total fluid flow rate and is connected with
the pore velocity by the relation v =¢v. Where ¢ is
porosity of the material. For determining pore velocity
in the medium, we use the initial motion equation [20]:

oV -
pf(a—:+ (vV)vj:—Vp—Ev.

Where P, is density of the fluid moving through
a porous medium, n is dynamic viscosity, K is per-
meability and p pressure field. This equation assumes
linear dependence of friction on the filtration rate. For

simplicity, gravity is not taken into account. Coming
over to the filtration rate, we get

pf(q)l%Jrq)z(W)f)j:—Vp—%ﬁ ©

Now we can evaluate the terms related to speed
on the left and right sides of this equation. The least
trivial parameter in this equation is permeability «.
In our case, this is the permeability of argon gas
with respect to the flow of silicon atoms. Regarding
the mobile atoms of the carrier medium (argon), we can
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only talk about the model nature of this gas as a porous
material with some effective permeability. We will
keep in mind the model according to which gaseous
silicon, as a kind of fluid, is filtered through a carrier
medium as excessive amounts of silicon vapor emerge
on the melt mirror and are absorbed at the opposite
boundary. Due to the extreme rarefaction of the carrier
medium, permeability «k is expected to be abnormally
high. At the same time, the porosity is close to unity,
since argon atoms, as scattering centers, occupy an
extremely small volume.

Suppose the medium is a system of small solid
spherical centers washed by a hydrodynamic flow.
The interatomic distance in argon is equal in order
of magnitude to the freepath length of

kT 1.38-107% -1800
l:\/’ 2 2
2nd” p \/En(l.4-10*1°) 100

=5.6-10" m.

The argon atom diameter is d = 1.4-107'° m. According
to the manufacturing procedure, argon partial pressure
is on the order of 100 Pa. The resulting equation for
permeability is k ~ /= 3.1-10° m?.

However, this assessment gives a slightly underes-
timated permeability value, since it is valid in the case
of dense packing of obstacles. For a more accurate
estimate, we will use the wellknown Kozeny—Karman
formula [20]. This formula is widely used in the theory
of porous media and is derived from the most general
geometric considerations. As a result, we get

od” =5-10"* m?.
(1-6)°

Where ¢ is porosity of the carrier medium (argon)
and d is characteristic size of the streamlined obstacle
(in our case, these are argon atoms).

K=

Another important parameter is the macroscopic
velocity of the gas element (filtration rate). We will
assume that during evaporation, silicon atoms separate
from the melt surface with a rootmean-square velocity,
which amounts to ~1250 m/s at 7= 1800 K. Averaging
over all possible directions, we obtain the value
of the velocity projection onto the normal (filt-
ration speed) v ~ 310 m/s. Now let us assess the value
of each term in the equation (9), taking into account
that the porosity of such a medium is close to unity and
that stationary motion is considered (0/0t = 0):

2 2
_ 531
82693 p, L2107 s,
o) no| 3.5-107%-310
—=0, | —|=—————=217.
P, k| 50"
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These estimates show that the viscosity term is
dominant in this equation. Namely: both the inertia
term and the term that expresses nonstationarity of pro-
cesses are negligible compared to the viscosity term:

‘n—: >>‘pf¢_2 (T)V)i’)‘.

Therefore, we derive the formula for speed in
the form of the wellknown Darcy’s law [20] from
the equation (9):

b=-Svp,. (10)
n

Due to evaporation on the melt mirror and absorp-
tion on the product, we get an average silicon vapor
density gradient. The gas pressure is generally propor-
tional to density, which generates a silicon pressure
gradient and it can act as an additional driving force
along with diffusion. According to the gas equation,
the silicon partial pressure is equal to pg; = ngkT, where
ng; = Ng,/V is the number of silicon atoms per unit
volume. Let us express ng; in terms of the mass concent-
ration C. By definition, by mass concentration we mean

Msi  __ Psi
b
m, +mg P, +Pg

C:

then the silicon density is expressed in terms of relative
mass concentration as follows:

C

——p.. 11
o™ (11)

Psi

Let us write the equation for the silicon partial
pressure in terms of the silicon density and substitute
the formula (11) in it:

RT C
Psi m I—Cpa. (12)
Next, let us substitute this result into the Darcy’s
law (10), neglecting the spatial inhomogeneities
of argon density and temperature in the retort. Let us
also take into account the fact that the silicon concent-
ration never actually reaches unity. Argon or residual
air is always present in the retort, and their concentra-
tion is approximately an order of magnitude higher than
that of silicon vapor. Eventually, we expand the factor
C/(1 = C) into a series in small C and limit our final
formula to the first non-vanishing term. The Darcy’s
law (10) takes the form
5=—Kyp, = KRTP.
n n U

VC. (13)

However, the equation (8) includes the average
mass velocity
y— PaV, + PsiVs; _
P+ Psi

PsiVsi  _ PsiVsi

Pa + Ps; Pa

We substitute (13) into this formula, exclude
the velocity from the extended impurity transfer equa-
tion (8) and end up with the equation

= Ps(ve) =pac. (14)

Now this is a more complex partial differential
equation with a nonlinearity like the square of the con-
centration gradient, but for one variable C(x,y,z,¢). It
should be noted that similar diffusion equations with
nonlinearities, quadratic function of the concentra-
tion gradient, are found in various fields of physics,
but are derived differently. Thus, the studies [21; 22]
showed that a nonlinear term of this type changes
the material (lithium niobate) transport diffusion pro-
perties quite significantly and enables to explain some
of the observed effects associated with the medium
under consideration being saturated with hydrogen.
In the general case, the equation (14) enables to solve
non-stationary problems of concentration distribu-
tion in a three-dimensional formulation.

Analytical solution

First of all, it makes sense to analyze the equa-
tion (14) for the stationary solution. Given that 6/0¢ = 0,
the equation (14) is reduced to the form

—(VC) =vyAC, w:—nMSiD, (15)

KRTpg;

where v is a new dimensionless parameter. Let us
estimate the value of the introduced parameter, which
loosely determines the relationship between diffusive
and convective mechanisms. Let us take the value
of dynamic viscosity from [10]. In the work men-
tioned above, this parameter was assessed in rela-
tion to the silicification process under consideration,
based on the wellknown formulas of molecular kinetic
theory [14]:

3/2
{2 oy
T

- =3.5-10" m%/s.
dAr

’n:

Assessment of the parameter y for the permeability
value k¥ = 5-10"* m? results in y = 0.048. This means
that, under the conditions under consideration, convec-
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tive transport significantly contributes to silicon vapor
transport.

In the one-dimensional formulation with regard
to the geometry of the problem presented in Fig. 1,
the equation (15) has an exact solution. Namely, let us
formulate the boundary value problem for the unknown
function C(x) in the form of an ordinary second-order
differential equation and two boundary conditions:

dc d’c

(dx] W eE C0)=0, C(L)=C,.

By substituting a variable, the order of the equa-
tion is reduced, and then the elementary equation is
integrated [23]. As a result, taking into account
the abovementioned homogeneous boundary condi-
tions, we obtain the logarithmic dependence

C(x) :\uln{f{exp(gj—l}+l} (16)
L v

For completeness, we can calculate the derivative
of this solution on the left boundary. With this deriva-
tive value, the silicon vapor flux density is an order
of magnitude higher than in the case of purely diffu-
sive transfer: ji, =3.0-10* kg/(m?-s). Let us present
as an example a dependency graph C(x) for L = 1.6 m.
Now the solution is a convex function. Fig. 3 (curve 4)
shows that the largest derivative is right on the left
boundary of the range of definition, i.e. on the product
surface. The flux density is proportional to the magni-
tude of the derivative. Thus, to explain the high rate
of high temperature saturation of carbon material
in the medium vacuum observed in experiments, we
should take into account the independent convective
transport of silicon vapor in addition to diffusive trans-
port. Moreover, silicon vapor now fills almost the entire
working space of the retort. It is only in a thin boun-
dary layer near the product itself that the concentra-
tion of silicon vapor tends to zero due to the assumed
complete absorption. It is well consistent with the data
of the fullscale experiment in the sense that silicon con-
densation can be intensive within the retort in places
much removed from the crucibles.

One-dimensional
non-stationary solution
Let us now make calculations to solve a non-sta-

tionary problem. The one-dimensional solution will be
our primary interest.

The equation (14) is nonlinear, so the easiest way
to obtain its non-stationary solution is numerical,
using the finite difference method [24]. Sampling

56

schemes of first-order accuracy were used to approxi-
mate derivatives in both time and space. First order
accuracy for spatial derivatives with “backward dif-
ferences” was used to ensure the stability of the dif-
ference scheme. The program code was implemented
in the FORTRAN-90 language. The number of nodes
along the spatial coordinate was taken to be N = 85.

The dynamics of the concentration front presented
for different sampling times in Fig. 3 shows that
the solution quite quickly reaches a steady stationary
profile in the form of the previously described convex
function (the graphs were obtained for L = 1.6 m).
The calculation results show that it takes ~2 s to reach
the stationary profile. At first, silicon vapor is only
observed at the melt mirror (curve / in Fig. 3). Then,
very quickly, silicon fills the entire space inside
the retort (Fig. 3, curve 2, 3). At the moment of defin-
ing (Fig. 3, curve 4), the largest derivative is on the left
boundary of the range of definition, i.e. on the product
surface. The numerical solution of the generalized
equation of silicon vapor diffusion during silicifica-
tion of a porous carbon material obtained in the course
of this study shows that gaseous silicon quickly occu-
pies almost the entire volume of the furnace working

0 02 04 06 08 10 12 14 «x

Fig. 3. Evolution of concentration profile
for different moments of time
t,8:1-0.04;2-04;3-2.0
4 — tabulation of the formula (16) as the result
of the solution of stationary non-linear equation
5 — stationary solution of classical diffusion equation

Puc. 3. DBomorys poduitst KOHIEHTPALUH
B pa3HbIE MOMEHTHI BPEMEHU
t,c:1-0,04;,2-0,4;,3-2,0
4 — pesynbrar Tabyisiuy GopMyItsl (16) perenus cTaoHapHOTo
HEeJIMHEHHOT0 ypaBHEHHsI [IepeHoca
5 — cranyoHapHOE pelIeHne KIACCHIECKOTro ypaBHeHUs U dy3un
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space. In other words, contrary to longheld belief based
on the findings of previous theoretical works [4—6],
there is no need to bring crucibles with molten sili-
con as close to the product surface as possible.

Calculations
in two-dimensional formulation

The next most difficult stage is to conduct numeri-
cal simulation in a two-dimensional formulation. These
calculations were also performed using the finite dif-
ference method. The classic explicit scheme was
implemented [24]. During the calculations, a spa-
tially uniform rectangular grid was used with a break-
down of 85:41 (85 nodes on the x coordinate between
the melt mirror and the sample, 41 nodes on the y
coordinate along the product surface). The larger num-
ber of nodes along the x axis is twice as large because
the boundary layer has to be resolved near the product
at the final stage of defining. The height of the sample is
H = 0.4 m, the distance from the melt to the product is
L = 0.6 m. The condition of impermeability was set for
the upper and lower faces. As for the one-dimensional
formulation, sampling schemes of first-order accuracy
were used to approximate the time and space deriva-
tives. To ensure the stability of the difference scheme,
the derivatives with respect to the “flux” had first order
accuracy and were calculated as “backward diffe-
rences”. Now the silicon vapor transfer is described by
the following non-stationary equation:

2 2 2 2
(2L (2] |- o[ 26226 )
ot ox oy ox oy

This equation includes two dimensional modifiers.
Implicitly one of them is the convective transport
parameter:

D,

c

_ KRTpg
NHg; ’

(18)

the second is the diffusion coefficient D; their dimen-
sions are the same, m?/s. The first parameter describes
the convective transport mechanism, while the second
one is purely diffusive. Now (17) is a two-dimen-
sional non-stationary partial differential equation with
the same nonlinearity like the square of the concent-
ration gradient. Calculations were performed for
L =0.6m (array length), H=0.4 m (sample height),
D, =57.1 m%*s (convective parameter), D = 0.7 m%/s
(diffusion coefficient). Initially, there are no sili-
con vapors in the space inside the retort. The constant
concentration value corresponding to saturation is set
on the right boundary and the condition of complete
absorption is defined on the left boundary.

Results and discussion

The dynamics of the concentration front presented
for different sampling times in Fig. 4 and 5 shows that
the solution quite quickly reaches a steady stationary
profile in the form of a convex surface, as in the one-
dimensional case. At the initial stage lasting for mil-
liseconds, silicon vapors are present on the right near
the melt mirror only (Fig. 4). Further, the retort space
fills with vapor and the concentration profile steepens.
It should be noted that the concentration front remains
flat all the time as it moves towards the product surface.

The calculations show that it takes ~0.5 s to reach
the stationary profile. The largest derivative at the final
stage of defining (Fig. 5) is still on the left boundary
of the range of definition, i.e. on the product surface.
It should be kept in mind that the flux density is pro-
portional to the derivative value in this point. Thus,
taking into account the independent convective trans-
port of silicon vapor in addition to diffusive transport,
we confirm the rather high rate of high temperature
saturation of carbon material observed in experiments
in the medium vacuum, which contradicts the value
of the silicon flux from the classical diffusion equation.

Thus, it should be emphasized once again that
a large sized product can not be sufficiently saturated

y
30
20
(||| 2 2
10 |+ = = =
1 1 1 1 1 | 1 | | 1
0 10 20 30 40 50 60 70 80 x
Fig. 4. Isolines of silicon vapour concentration
at initial stage for = 0.004 s
Puc. 4. 3011HrN KOHIIEHTPALMH TAPOB KPEMHUS
Ha HavasbHOM dTarne npu ¢ = 0,004 ¢
y
30
20
10 g g
1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 x

Fig. 5. Isolines of silicon vapour concentration
at steady stage forr=1.0's

Puc. 5. Ione n30nMHMUi KOHIEHTPALMN KPEMHHS
Ha MOMEHT ycTaHoBIeHus ripu £ = 1,0 ¢
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with silicon during the experiment only due to improper
thermophysical mode of the entire process determined
by the design features of the furnace.

These negative factors were earlier discussed
in [15]. It was demonstrated that complete silicifica-
tion of a product within a reasonable time is quite
possible. In other words, the primary chemical reac-
tion of carbon fiber carbonization and further con-
densation of silicon vapor in the pores of the mate-
rial require a technique with more strict temperature
control on the product surface rather than rearrange-
ment of crucibles. If the sample surface is parallel
to the melt mirror, as was assumed in the original
formulation, the streamlines of silicon macroscopic
motions are straight trajectories perpendicular to these
surfaces. In this case, the wavefront of silicon vapor
is stable, flat at any specific time and moves from
the melt to the product so that the condition of homo-
geneity along the y coordinate can be used. However,
in practice, in the gravity field, the surface of the melt
mirror is always horizontal, since the silicon melt is
in crucibles. At the same time, the product is placed
vertically in the retort at some distance from the cru-
cibles (there can be several of those). As a result, it is
important to understand whether the nature of the sili-
con vapor distribution in the retort will change with
more complex mutual arrangements of the source
of silicon vapor and the absorbing surface.

Let us now analyze a more realistic configuration in
the form of a rectangular retort shown in Fig. 6, with
a silicon absorbing left vertical boundary / and a hori-
zontal melt mirror 2 located at a distance of 2L/3 from
the sample. The melt surface itself has a size of L/3.
The condition of impermeability is set for all other
areas of the retort.

The calculation was performed on a 121:41 grid.
The height of the sample was H = 0.4 m, the length
of the range of definition was L = 1.2 m. At this pro-
portion, the size of the melt mirror is A=0.4 m.

¥
H
g
1
RARESRRRRARRRNI
2L/3 2 L x

Fig. 6. Configuration for horizontal
linear source of silicon vapour

Puc. 6. Kondurypamus ¢ Topu30HTaIbHBIM
JIMHEWHBIM UCTOUYHUKOM TIAPOB KPEMHUS
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The results of the numerical simulation of the system
in this configuration are presented in Fig. 7, 8 for two
points in time: at the defining stage (at # = 0.005 s) and
in the final state, close to stationary (= 0.1 s). It can
be seen that a stationary distribution is established in
the system almost as quickly as in the previous con-
figuration (within about 1s). The calculations also
show that silicon still occupies almost the entire work-
ing space inside the retort, with the exception of a rela-
tively thin boundary layer near the absorbing surface
area. Fig. 7,8 show that silicon vapors propagate
with almost the same intensity in all directions from
the melt mirror. Silicon atoms need almost the same
time to reach the product surface as in the previous
case, when the surfaces were parallel to each other.

The calculation results show that the rarefied gas
(argon), through which silicon vapors from the melt
mirror penetrate to the sample, is not in itself the main
restraining factor limiting the silicon mass transfer. In any
case, different mutual arrangements of the silicon vapor
source and the absorbing surface do not considerably
change the time for reaching the stationary state.

A much more serious modifier in the problem is
the relationship of the areas of the evaporating and
absorbing surfaces. Let us now reduce the linear
size of the surface on which evaporation takes place

0 10 20 30 40 50 60 70 80 90 100 110 «x

Fig. 7. The field of silicon concentration
at initial stage # = 0.005 s for second configuration

Puc. 7. Tlone KOHIEHTPAILIMU KPEMHHUS HAa HAa4aIbHOM JTare
[uist BTopoit koHGurypauuu npu ¢ = 0,005 ¢
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0 10 20 30 40 50 60 70 80 90 100 110 «x

Fig. 8. The field of silicon concentration
at stationary stage ¢ = 0.1 s for second configuration

Puc. 8. [ose KOHIIEHTpAIMKA KPEMHHS HA MOMEHT
YCTaHOBJICHHMS JUIsl BTOPOH KoHHrypaumu npu ¢ = 0,1 ¢
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Fig. 9. The field of silicon concentration
for horizontal source of the vapour at A= 0.2 m

a — initial stage, = 0.005 s
b — intermediate stage, t=0.1s
¢ — stationary stage, 7=1.0s

Puc. 9. Tlone KOHIIEHTPALHH KPEMHHSI
B CJIyyae TOPU30HTAIBHOTO UCTOYHUKA MapoB mpu A= 0,2 m

a — HavapHbIH JTan, ¢t = 0,005 ¢
b — npoMesxyTOuHBIH dTam, t = 0,1 ¢
¢ — MOMEHT ycraHoBieHus, ¢ = 1,0 ¢

to A=0.2 m, leaving unchanged the product height
H=0.4m and the retort length L =1.2 m. All other
parameters will remain the same. Isolines and two-
dimensional surfaces of the concentration field for this
situation are presented in Fig. 9, a, b.

Fig. 9, a shows the initial moment of time, when
the vapors have not yet spread to the entire volume.
However, Fig. 9, b demonstrates that with smaller
sizes of the melt mirror (twice the difference compared
to the previous case) at = 0.1 s, the stationary state is
not reached yet.

Calculations show that the concentration profile
now requires approximately twice as much time to set
the stationary mode as in the previous case. The con-
centration field for the melt mirror at £ = 1.0 s is shown
in Fig. 9, c. Further on, the concentration field practi-
cally ceases to change over time. This result is physi-
cally understandable, since filling the space inside
the retort with silicon vapor requires a certain time, and
it is directly related to the amount of silicon evapora-
ting per time unit from the source surface. As the melt

mirror length decreases, this time expectedly increases
in proportion to it.

Conclusion

The analytical and numerical solutions of the gene-
ralized equation of silicon vapor diffusion during silicifi-
cation of a porous carbon material obtained in the course
of this study show that gaseous silicon quickly occu-
pies almost the entire volume of the furnace working
space. In other words, contrary to longheld belief based
on the findings of previous theoretical works, there is
no need to bring crucibles with molten silicon as close
to the product surface as possible.

The results obtained from the two-dimensional for-
mulation confirm the similar data received in the one-
dimensional case. They show that the resistance of for-
eign gases to the silicon diffusion flow should certainly
be present in the real production environment, but
classical diffusion is not the only transfer mechanism.
Generalization of the model taking into account addi-
tional convective transfer enables to solve the para-
dox of anomalously intense saturation of porous car-
bon material with silicon vapor in the experiment, in
contradiction to earlier theoretical predictions.

References / Cnucok nutepatypbl

1. Chawla Krishan K. Composite materials. Science and en-
gineering. N.Y.: Springer, 2012. 542 p.

2. ShangJ. Durability testing of composite aerospace materi-
als based on a new polymer carbon fiber-reinforced epoxy
resin. Fluid Dynamics & Material Processing.2023;19(9):
2315-2327. https://doi.org/10.32604/fdmp.2023.026742

3. Shikunov S.L., Kurlov V.N. SiC-based composite mate-
rials obtained by siliconizing carbon matrices. Journal
of Technical Physics. 2017;62(12):1869—-1876.
https://doi.org/10.1134/S1063784127120222

4. Garshin A.P.,, Kulik V.I., Matveev S.A., Nilov A.S. Mo-
dern technologies for the production of fiber-reinforced
composite materials with a ceramic refractory matrix.
Novye Ogneupory (New Refractories). 2017;(4):20-35.
(In Russ.).
lapmun AIL., Kynux B.M., Marsees C.A., Hunos A.C.
CoBpeMeHHBIE TEXHOJIOTHU TIIOTYYEHHs BOJIOKHHUCTO-
APMHUPOBAHHBIX KOMIIO3MIIMOHHBIX MaT€pHajioB C KEpa-
MHUECKOW OTHEYNOPHOW MaTpuueil. Hogvle ocneynopoi.
2017;(4):20-35.

5. Kulik VI, Kulik A.V., Ramm M.S., Demin S.E. Develop-
ment of a model and numerical study of the processes for
production composites with a SiC matrix by vapour-phase
siliconization. In: Proc. of the IV Intern. Conf. “Functio-
nal nanomaterials and high-purity substances” (Suzdal,
1-5 Oct. 2012). Moscow: Institute of Metallurgy and Ma-
terials Science, 2012. P. 240-242. (In Russ.).

Kymuk B.U., Kynuk A.B., Pamm M.C., [lemun C.E. Pas-
paboTKa MOJETH M YHCICHHOE HCCIIEA0BAHIE TIPOIIECCOB

59


https://doi.org/10.32604/fdmp.2023.026742
https://doi.org/10.1134/S1063784127120222

DM v on

W3BECTUA BY30B

W3BECTUA BY30OB. [TOPOLIKOBAA METANNYPTUA U GYHKLLMOHANBHBIE MOKPLITUA. 2024;18(3):49-61
Azeesa M.B., lemuH B.A., flemuHa T.B. Du3nko-matemaTnyeckas Mmoaenb AOCTaBKM NAapOB KPEMHUA ...

10.

11.

60

MoJy4eHus: KomMrno3uToB ¢ SiC Marpuiieii METoIOM Mapo-
(dazHoro cuiunupoBanus. B c6. mamep. 1V Medxcoynap.
KOHG. «DYHKYUOHATbHBIE HAHOMAMEPUATLL U BLICOKOYU-
cmoie sewecmea» (Cysnanb, 1-5 okts0ps 2012 ). M.:
HUMET PAH, 2012. C. 240-242.

Kulik V.I., Kulik A.V., Ramm M.S., Demin S.E. Numeri-
cal study of gradient CVI processes for production of SiC-
matrix composites. In: Proc. of the V Intern. Conf. “Func-
tional nanomaterials and high-purity substances” (Suz-
dal, 6-10 Oct. 2014). Moscow: Institute of Metallurgy and
Materials Science, 2014. P. 128—-129. (In Russ.).

Kynuk B.U., Kynuk A.B., Pamm M.C., lemun C.E. Yu-
CJIGHHOE MCCIJICZIOBAaHNE T'PaJAMEHTHBIX ra3o(dasHbIX Mpo-
LIECCOB TOJIyYEHHsI KEpaMOMaTPUYHbIX KOMITO3UTOB ¢ SiC
Marpuuei. B co6. mamep. V Mesicoynap. kongh. « Dynxyuo-
HANbHbIE HAHOMAMEPUATbL U 6bICOKOUUCTNbIE BELYECTNEAY
(Cy3naib, 6-10 okts16pst 2014 ). M.: UMET PAH, 2014.
C. 128-129.

Shchurick A.G. Artificial carbon materials.
UNIIKM Publ., 2009. 342 p. (In Russ.).

[Mypux A.I. MckyccTBeHHbIE yIIIEpPOJHBIE MaTe€pHabl.
[Tepmb: U3n-Bo YHUNKM, 2009. 342 c.

Timofeev A.N., Razina A.S., Timofeev P.A., Bodyan A.G.
Calculating the penetration depth of reaction in chemical gas-
phase deposition of boron nitride within porous bodies. Pow-
der Metallurgy and Functional Coatings. 2023;17(3):
38-46. https://doi.org/10.17073/1997-308X-2023-3-38-46

TumodeeB A.H., Pazuna A.C., Tumodeer IL.A., bo-
nsH A.T. Pacuet riryOMHBI TPOHMKHOBEHUSI PEAKIMU TIPU
XHUMHYECKOM ra30(ha3HOM OCaXICHUHM HUTpuaa Oopa B
MIOPUCTHIX TeNax. Mzeecmus 6y306. [lopowrkosas memarn-
nypeust u pynkyuonarvhovie nokpvimusi. 2023;17(3):38-46.
https://doi.org/10.17073/1997-308X-2023-3-38-46
Pogozhev Yu.S., Potanin A.Yu., Rupasov S.I., Leva-
shov E.A., Volkova V.A., Tashev V.P., Timofeev A.N.
Structure, properties and oxidation resistance of prospec-
tive HfB,—SiC based ceramics. Russian Journal of Non-
Ferrous Metals. 2020,61(6):704—715.
https://doi.org/10.3103/S1067821220060164

[oroxes 10.C., IToranun A.}O., Pymacos C.H., Jlesa-
moB E.A., Bonkosa B.A., Tamer B.I1., Tumodeen A.H.
CTpyKTypa, CBOICTBA M OKHCIIUTENbHAs CTOMKOCTH Iep-
CIIEKTMBHOH Kepamuku Ha ocHose HfB,-SiC. Uzeecmusn
8y306. [lopowxosas memannypeus u @QYHKYUOHATbHbIE
nokpvuimus. 2020;(3):41-54.

https://doi.org/10.17073/ 1997-308X-2020-3-41-54
Demin V.A., Demina T.V., Maryshev B.S. Physical and
mathematical model of gaseous silicon transfer during high-
temperature siliconization of carbon composite materials.
Bulletin of Perm University. Physics. 2022;(3):48-55. (In
Russ.). https://doi.org/10.17072/1994-3598-2022-3-48-55

Jemun B.A., lemuna T.B., MapsieB b.C. ®usuko-ma-
TeMaTu4ecKasi MOJIeJIb TIepeHoca ra3000pa3sHoOro KpeMHUs
B XO/I€ BBICOKOTEMITEPATYPHOTO CHITHIIUPOBAHHS YIIIEPO/I-
HBIX KOMIIO3UTHBIX MaTepuanoB. Becmuux I[lepmcroeo
yHusepcumema. @uzuxa. 2022;(3):48-55.
https://doi.org/10.17072/1994-3598-2022-3-48-55
Landau L.D., Lifshits E.M. Course of theoretical physics.
Vol. 6. Hydrodynamics. Moscow: Fizmatlit, 2001. 736 p.
(In Russ.).

Perm:

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Jlanmay JI.J1., Jludmmn E.M. Kypc Teopernyeckoii puzn-
ku. T. 6. l'maponnunamuka. M.: ®m3mariut, 2001. 736 c.
Sevast’yanov V.G., Nosatenko P.Ya., Gorskii V.V,
Ezhov Yu.S., Sevast’yanov D.V., Simonenko E.P,
Kuznetsov N.T. Experimental and theoretical determi-
nation of the saturation vapour pressure of silicon in a
wide range of temperatures. Russian Journal of Inorganic
Chemistry. 2010;13(55):2073-2088.

Tomooka T., Shoji Y., Matsui T. High temperature vapor
pressure of Si. Journal of the Mass Spectrometry of Japan.
1999;47(1):49-53.

https://doi.org/10.5702/ massspec.47.49

Hirschfelder J.O., Curtiss Ch.F., Bird R.B. Molecular
theory of gases and liquids. N.Y.: Wiley & Sons, 1954.
1219 p.

Tupmdensaep k., Kepruce Y., bepa P. MonekyssipHast
Teopus razoB U xkuakocte. M.: M31-Bo HHOCTp. JIUT-PBI,
1961. 929 c.

Ageeva M.V., Demin V.A. Physical model and numeri-
cal simulation of high-temperature silicification of car-
bon composite material. Philosophical Transactions
of the Royal Society A.2023;381:20220083.
https://doi.org/10.1098/rsta.2022.0083

Matsumoto M. Molecular dynamics simulation of inter-
phase transport at liquid surfaces. Fluid Phase Equilibria.
1996;(125):195-203.

Matsumoto M. Molecular dynamics of fluid phase change.
Fluid Phase Equilibria. 1998;(144):307-314.

Bond M., Struchtrup H. Mean evaporation and conden-
sation coefficients based on energy dependent condensa-
tion probability. Physical Review E 70. 2004;061605.
https://doi.org/10.1103/PhysRevE.70.061605

Schwabl Fr. Statistical mechanics. Berlin: Springer, 2006.
577 p.

Nield D.A., Bejan A. Convection in porous media. N.Y.:
Springer, 2006. 654 p.

Demin V.A., Petukhov M.1., Ponomarev R.S., Topova A.V.
Nonlinear sorptive effects during the pumping of nano-
fluid through porous medium. Bulletin of Perm University.
Physics. 2021;(1):49-58. (In Russ.).
https://doi.org/10.17072/1994-3598-2021-1-49-58

Hemun B.A., IleryxoB M.U., Ilonomapes P.C., Tomo-
Ba A.B. O ponu aHM30TpOnMU M HENUHEHHBIX IUdDy-
3HOHHBIX 3((EKTOB NpH (OPMUPOBAHHU BOJHOBOJIOB B
KpHcTauie Huobara nutust. Becmmuux Ilepymckoeo ynugep-
cumema. Qusuxa. 2021;(1):49-58.
https://doi.org/10.17072/1994-3598-2021-1-49-58

Vohra S.T., Mickelson A.R., Asher S.E. Diffusion charac-
teristics and waveguiding properties of proton exchanged
and annealed LiNbO, channel waveguides. Journal
of Applied Physics (AIP). 1989;66(11):5161-5174.
https://doi.org/10.1063/1.343751

Korn G.A., Korn T.M. Mathematical handbook for scien-
tists and engineers. Dover Publications, 2013. 1615 p.

Kops I, Kopn T. CripaBouHHK 110 MaTeMaTuke JJIsl Hayd-
HBIX paOOTHUKOB 1 HHKeHepoB. M.: Hayka, 1984. 831 c.
Samarskii A.A. The theory of difference schemes. N.Y.:
Marcel Dekker, Inc., 2001. 762 p.

Camapckuiit A.A. Teopus pazHocTHbIX cxeM. M.: Hayka,
1989. 616 c.


https://doi.org/10.17073/1997-308X-2023-3-38-46
https://doi.org/10.17073/1997-308X-2023-3-38-46
https://doi.org/10.3103/S1067821220060164
https://doi.org/10.17073/ 1997-308X-2020-3-41-54
https://doi.org/10.17072/1994-3598-2022-3-48-55
https://doi.org/10.17072/1994-3598-2022-3-48-55
https://doi.org/10.5702/ massspec.47.49
https://doi.org/10.1098/rsta.2022.0083
https://doi.org/10.1103/PhysRevE.70.061605
https://doi.org/10.17072/1994-3598-2021-1-49-58
https://doi.org/10.17072/1994-3598-2021-1-49-58
https://doi.org/10.1063/1.343751

Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2024;18(3):49-61
Ageeva M.V., Demin V.A., Demina T.V. Physical and mathematical model of the silicon vapor ...

Information about the Authors

Maria V. Ageeva - Research Engineer at the Laboratory of Under-
ground Sequestration of Carbon at the Institute of Continuous Me-
dia Mechanics of the UB RAS; Master’s Student at the Perm State
National Research University (PSNRU)

ORCID: 0009-0008-6671-2787
& E-mail: gretskioreshek0@mail.ru

Vitaly A. Demin - Dr. Sci. (Phys.-Math.), Prof., Head of Theoretical

Physics Department at the PSNRU; Prof. at the Department of Gene-

ral Physics at the Perm National Research Polytechnic University
ORCID: 0000-0002-9765-7695

&3 E-mail: demin@psu.ru

Tatyana V. Demina - Research Engineer at the Laboratory of
Underground Sequestration of Carbon at the Institute of Conti-
nuous Media Mechanics of the UB RAS; Postgraduate Student
at the PSNRU

ORCID: 0009-0006-5600-1354
& E-mail: demina-tatyana99@yandex.ru

Contribution of the Authors

V. A. Demin - determined the statement of the problem, partici-
pated in the obtaining of the analytical solution, wrote the article,
participated in the discussion of the results.

M. V. Ageeva - participated in the creation of computational code,
conducted numerical simulation, wrote the article, participated in
the discussion of the results.

T. V. Demina - participated in the obtaining of the analytical solu-
tion, created computational code, conducted numerical simulation,
wrote the article, participated in the discussion of the results.

@

)

CsegeHus 06 aBTopax

Mapus BukmopoeHa Azeega - NHXeHep-HUcCIef0BaTe b Jabopa-
TOPUM TO/A3EMHON yTHIM3ALUH yriaeposa UHCTUTYyTa MeXaHHUKH
crtomHbIX cpef, (MMCC) YpO PAH; maructp Ilepmckoro rocyzaap-
CTBEHHOI'0 HAlLMOHAJbHOTO MCCJe[0BATENbCKOTO YHUBEPCUTETA
(IITHUY)

ORCID: 0009-0008-6671-2787
& E-mail: gretskioreshek0@mail.ru

Bumaauii Anamosavesuy Jlemun - pa.¢p.-M.H., npodeccop, 3a-
BeAywomui kadeapoi Teoperudeckodl ¢usuku I[II'HUY; npo-
deccop kadenprr obmeit ¢usuku I[lepMckoro HaMOHANTBHOTO
HCCJIe/I0BATEJbCKOTrO0 MOJIUTEXHUYECKOT0 YHUBEPCUTETA

ORCID: 0000-0002-9765-7695
B E-mail: demin@psu.ru

TamesiHa BumasavesHa /JlemMuHa - MHXeHep-Uccle[0BaTe b Ja-
6opaTopuu moA3eMHON yTuiausanuu yriaepoga UMCC YpO PAH;
acnupaHT Kadeapsl TeopeTryeckor ¢pusuku ITHUY

ORCID: 0009-0006-5600-1354
& E-mail: demina-tatyana99@yandex.ru

Bknag aBTopos

B. A. /lemuH - 1oCTaHOBKA 3a/Jjla4y, y4acTHe B M10Jy4YeHUN aHAJIU-
TUYECKOT0 pellleHus 3a/la4y, HalkCcaHHe CTaThH, yyacTHe B 06Cy-
KJIEHUU pe3yJIbTaTOoB.

M. B. A2eeea - yyacTue B HallMCaHUU BBIYMCJIUTEJBHOTO KO/_a,
y4acTHe B NPOBEJIEHUH YUCIEHHOTO MO/IeJIMPOBaHHs, HallMCaHHe
CTaThH, y4yacTHe B 06CYK/J€HUU Pe3yJIbTaTOB.

T. B. /leMuHa - y4acTue B IIOJly4eHUH aHAJIUTUYECKOTO pelleHus],
y4yacTHe B HalIMCAaHUM BBIYHUCIUTENBHOTO KO/A, y4acTHe B IIPOBe-
JIeHUH YMCJIEHHOTO MO/IeJIMPOBaHusl, HAallMCaHUE CTAaThbH, y4acTHe
B 00CYK/IeHUH pe3yJIbTaTOB.

Received 27.07.2023
Revised 23.10.2023
Accepted 26.10.2023

CraTbda noctynuia 27.07.2023 r.
Jlopa6orana 23.10.2023 1.
[IpuHsTa K my6ankanuu 26.10.2023 r.

61


https://orcid.org/0009-0008-6671-2787
mailto:gretskioreshek0@mail.ru
https://orcid.org/0000-0002-9765-7695
mailto:demin@psu.ru
https://orcid.org/0009-0006-5600-1354
mailto:demina-tatyana99@yandex.ru
https://orcid.org/0009-0008-6671-2787
mailto:gretskioreshek0@mail.ru
https://orcid.org/0000-0002-9765-7695
mailto:demin@psu.ru
https://orcid.org/0009-0006-5600-1354
mailto:demina-tatyana99@yandex.ru

