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Abstract

Theoretical model for the simulation of synthesis of Janus-like particles (JP)
consisting two different phases using the Carbon Combustion Synthesis of Oxides
(CCSO) is presented. The model includes the variation of sample initial porosity,
carbon concentrationand oxygen flow rate used to predict the formation of JP features.
The two temperature (2T) combustion model of chemically active submicron-
dispersed mixture of two phases including ferroelectric and ferromagnetic was
implemented and assessed by using the experimentally estimated activation energy
of 11243.3 kJ/mol and combustion temperature. The experimental values allowed
to account the thermal and concentration expansion effect along with the dispersion
by the slip-jump simulation for high Knudsen numbers. The model predicted that
the smaller initial porosity of the combustion media creates higher formation rate
of Janus-like particles. The simulation of slippage and jumps of the gas temperature

Porosity development

allowed the scale-bridging between macro- and micro- structures.

1. Introduction

Janus particles are special types of asymmetric
particles whose surfaces have two or more distinct
physical properties and chemical compositions
within a single particle [1-3]. Over the past dec-
ade, various strategies have been developed for
the fabrication of Janus particles, including sur-
face coating and nucleation, self-assembly, phase
separation, immobilization, microfluidics and oth-
ers [4-7]. This asymmetric structure gives unique
multifunctional properties and functionalization.
Recently, carbon combustion synthesis of oxides
(CCSO) was applied for quick and energy efficient
production of multiferroic composite of cobalt fer-
rite and barium titanate to form Janus-like parti-
cles (JP) matrix structure [8]. It was shows that the
exothermic oxidation of carbon nanoparticles with
an average size of 5 nm and a specific surface area
of 110 m?/g generates a self-propagating thermal
wave with peak temperature of up to 1000 °C. The
thermal front rapidly propagates through the mix-
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ture of two phases magnetic — CoFe,0, and ferroe-
lectric — BaTiO; to form a nanocomposite structure
with Janus like particles. The BaTiO;—CoFe,0,
magnetoelectric composites are of great techno-
logical interest for their potential applications in
microwave devices, antennae, sensors, transduc-
ers, data storage and controlled release of anti-HIV
drug delivery and Alzheimer’s, Parkinson’s dis-
ease treatment [9-12].

The activation energy of the carbon combustion
synthesis of Janus-like particles estimated to be
112+3.3 kJ/mol, indicating that the barium titanate
and cobalt ferrite presence decrease the activation
energy barrier of carbon oxidation and facilitate
the ignition process of the combustion synthesis
[8]. Existence of discrete CoFe,O, and BaTiO;
phases in the composites nanostructures was con-
firmed using X-ray powder diffraction along with
the SEM and TEM analysis. The CCSO is signifi-
cantly simpler, faster, and more energy efficient as
compared to calcination processes that require pro-
long annealing (hours) at high temperatures. It is
observed that the synthesized samples show mag-
netoelectric coupling on multiferroic cobalt ferrite
and barium titanate ceramic composites [8, 12].
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Experimental studies of convective and diffu-
sion transfer in the carbon nanotubes [13—15] have
shown that the transfer is accelerated by 2—-3 orders
of magnitude and more in comparison with esti-
mates based on the theory of a continuous medium.
The slippage of a viscous liquid flow on solid wall
means nonzero velocity on the boundary. Liquid
slip in micro- and nanofluidic discussed in [13].
Gas-dynamic flows in channels with small geomet-
ric dimensions exhibit special properties that differ
from those of flows in large-sized channels. The
main condition for the “smallness” of the channel
size is the Knudsen criterion [13], which is equal
to the ratio of the mean free path of gas molecules
between collisions A to the channel diameter or to
some other characteristic spatial scale of the flow
L or to some other characteristic spatial scale of
the flow.

The commensurability of these values or signif-
icant excess of A over L means a small diameter of
the channel or rarefaction of the gas. The Knud-
sen layer on porous surface considered in [16, 17].
The phenomenon of intensification of transfer can
be partially explained by direct modeling of the
motion of an ensemble of molecules by using mo-
lecular dynamics (MD) simulations [18]. It should
be noted that the mean free path of gas molecules
in the pores of carbon exceeds the pore diameter.
Collisions of molecules with a nanotube boundary
dominate over collisions of molecules with each
other. Knudsen numbers reach up to 10-70.

The temperature and concentration jumps of gas
flow on solid boundary in submicron channel re-
ported in [19]. On submicron scales, models with
slip conditions in combination with jumps in gas
concentrations and temperatures on the surface
of an isolated tube or in pores are constructed in
[20-25]. The processes of propagation of combus-
tion waves were studied with the application of
production of solid phase particles by self-prop-
agating high-temperature synthesis (SHS) and
CCSO [24-25]. A self-consistent method for cal-
culating heat and mass transfer processes on mac-
ro and micro scales has been developed. Various
applications of CCSO models for self-consistent
calculation of micro- and macro-processes at suf-
ficiently small Knudsen numbers were described
[26]. The features of the influence of slip process-
es, temperature jumps and concentrations of the
gas phase components on the propagation of the
combustion wave and the synthesis of nickel-zinc
ferrite in a channel with a cooled side wall and
pores of submicron diameter have been studied.

The effects of gas slippage, gas temperature jump
and concentrations jumps due to fluxes of O,, N,
and CO, components on the pore surface are in-
cluded in the consideration. The muss fluxes of gas
flow from the combustion zone and from the sam-
ple as a whole causes heat loss and slows down the
combustion process during sliding [21-25].

In this report, we generalized the two-temper-
ature model [20, 21] on investigation the thermal
and mass dispersion and expansion effect on syn-
thesis JP via CCSO in porous media. The govern-
ing system of equations includes the Navier-Stokes
equations for the gas phase and along with the ther-
mo-elasticity equations using the Duhamel-Neu-
mann relations. The equations of conservation of
mass, momentum and energy using the tensors of
mass and thermal dispersion, conductive and con-
vective transfer are applied. The results of simulat-
ing the effect of thermal and concentration expan-
sion on porosity distribution in the process of the
synthesis of micron JP powders during CCSO are
also presented. A dimensionless form of the con-
stitutive equations with similarity parameters was
used for calculations, including the effect of disper-
sion, pore tortuosity coefficient, particle diameter,
and local values of Peclet numbers. The formula of
unsteady porosity is generalized for JP synthesis at
a given distribution of porosity at the initial time in-
stance for the numerical simulation of porous mag-
neto-electric composite materials. The performance
and reliability of these materials is influenced by
defects or pores, which can arise during the consol-
idation process. We analyze the impact of pores on
the rate of Janus particles sintering via CCSO in the
synthesis of polycrystalline multiferroic JP com-
posite from ferroelectric BaTiO; and ferromagnetic
CoFe,0,. The model of slip processes and jumps
of the gas and solid temperatures were employed
for scale-bridging between macrostructures and mi-
crostructures. We discuss the influence of pores in
two-phase combustion on composites by analyzing
numerical examples. The inhomogeneous macro-
structure concentration and the rate of multiferroic
composite formation are numerically investigated
for different porosity of carbon, ferroelectric BaTiO;
and ferromagnetic CoFe,O, with carbon mixture.

Modeling the synthesis of complex oxide parti-
cles was developed in [20, 21] with the approxima-
tion of constant pore sizes, given a priori. It should
be noted that the pore sizes, as a rule, are unevenly
distributed in the reactor of synthesis and have been
changed over the time, affecting the mass and heat
fluxes of reactants and products through the porous
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medium. Temperature and concentration gradients
lead to change across the volume and the appear-
ance of displacements and stresses in the solid
phase, leading to pores change in space and time.
In the present paper, the model simulation of Janus
like particles is developed by implementing porosity
variables as well as thermal and mass dispersion in
a porous media. We restricted ourselves to the study
of densification using the thermal elasticity theory
[26]. The sintering simulation using a non-linear
viscous material theory [27] is not considered.

2. Micro- and macroscale modeling

The dynamics of the heat and mass transfer at
submicron scale strongly depend on so called slip-
page. A self-consistent method of computation of
heat and mass transfer at micro- and macroscales
was developed [20]. Modeling the synthesis of ma-
terials by CCSO [24, 25] were developed in the
approximation of the permanent sizes of the pores.
Physically, a porous medium is formed by a solid
phase and one or more fluid phases. The solid may
have a periodic or random structure, each phase
may be continuous or dispersed and the charac-
teristic sizes of the geometric heterogeneities may
span a large range of length scales. These length
scales can either differ by orders of magnitude (i.e.
they are separated) or they may vary almost con-
tinuously in order of magnitude (i.e. they are con-
tinuous) [28]. It should be noted that the pore sizes
are usually unevenly distributed in the sample and
change over time, affecting heat flows, substances
of reagents and products through a porous medium.
Concentration and heat dispersion is caused by
fluctuations in mass and heat flux, while diffusion
is caused by molecular motion. A number of works
have shown the importance of dispersion terms in
averaged equations along with molecular diffu-
sion. Various models of thermal dispersion have
been developed in [29-35]. While the molecular
diffusion takes place in a lowing and stagnant me-
dia as well, the dispersion is strongly influenced
by the hydrodynamic flow. The dispersion was re-
ported in the literature [28—34] with modelling as
a tensor which components being either parallel or
orthogonal to the main flow direction. The thermal
and mass dispersion are affected by fluctuations of
temperature and concentrations of species in mul-
ticomponent gas mixture in a porous media. It was
shown [34] the significant effect of the thermal and
mass dispersion on CCSO synthesis of micron bar-
ium titanate particles.

One of problems in sintering technology is to
achieve the sufficiently low level of porosity. The
Ti-TiAl; powder mixtures studied in [35, 36] al-
lowed one to simultaneously achieve acceptable
values of the sintered cathode porosity and cost
of their manufacture under experimental industri-
al conditions. In [35-37] the models of sintering
and synthesis of solid phase powder mixtures are
considered, accounting for the mutual influence of
the processes of volumetric changes in the sinter-
ing process. Temperature and concentration gradi-
ents lead to a change in the volume and appearance
of displacements and stresses in the solid phase.
The formula for variable porosity during CCSO
was suggested in [23, 37]. The effect of volumet-
ric changes in the synthesis of the barium-titanate
including the thermal and mass dispersion was al-
lowed predicting the characteristics of the combus-
tion wave in the variable porosity of the sample.
It should be noted that for the micron sizes of the
synthesized particles, the characteristic values the
Knudsen number is small and the effects of slip-
page and temperature jump [19] are negligible.

The models of synthesis of submicron particles
using the CCSO [38-43] have specific features
caused by comparatively high Knudsen number
in gas that occupies the pores [19]. For submicron
sizes of particles and pores, the effect of Knudsen
layers in a gas near the surface of the pores is es-
sential and the slip effects are required. Submicron
models with slip conditions in combination with
jumps of gas temperature and concentrations on the
surface of pores were proposed, the macro-fluxes
were obtained by averaging micro flows in pores.

3. Dimensionless governing equations

We consider the system of Janus like particles
(CoFe,0,/BaCO;)(s) formation via carbon com-
bustion using the following kinetics:

BaTiOs(s) + CoFe;Oys) + a(C(s) + 0x(g)) + Ny(g)
— (CoFe,04/BaTiOs)(s) + aCO,y(g) + Nx(g) 2 <a < 14

We applied the reference time scale ¢, 7, = 10(s),
related to activation energy £ and pre-exponential
factor in the reaction rate expression k, [34, 37].
The height and radius of the porous sample are
ly = 0.0007(m), ry = 0.0.07(m), the gas velocity
u, related to combustion speed in CCSO is
uy="7-10"* (m/s) [25], t, = k! exp(Ex R )

The dimensionless values marked by tilde for
dimensional ones are presented below:
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p=xpst (1-0)ps. K, =K, tOA/(cppoV) is the dimen-

sionless heat transfer coefficient, ¢,¢,, are the the

ﬂs,ig are the heat conductivities,

Rp,T,
M,
M, are the reference pressure and molar mass. Ma,
Re are the Mach and Reynolds numbers in gas, R,
is the analog of Reynolds number for solid phase,
Pe;, Pe, are the thermal and diffusion Peclet num-
bers, subscript air is referred to the air parameters
at normal condition, us = 2x10° Pa. The temper-
atures of gas and solid phases T, T; can be found
using formulas 7, =To(1+,87~"g),TS =To(1+,8fs).
The main dimensionless parameters related to acti-
vation energy and combustion heat are f = RT/E,
y=c,Top/0 [20]. R, E, Q are the gas constant, acti-
vation energy and combustion heat. In our numer-
ical simulation, the following values are applied
p=0.1,y=02. (T, =900 K), k&, = 10, k, = 0.5,
k;=0.1, 0,=60, 0,=01

heat capacities,

D is the mass diffusivity, p, = where p, and

We apply the Duhamel-Neumann relations [36]
of linear thermoelasticity theory.

0, =258, +5; (ynzgkk —Kw] along with the formulas
k

for tensor invariants: oy, = (245 +345,) Y 64 — 3K ,
k k

where o; is the stress tensor and ¢; is the tensor of
deformation, K is the isothermal modulus of com-
pression, u, iy, are the Lamé parameters.

We suppose that the gas pressure is equal to

the normal stress at the pore surface, i.e. Yo, =3p,
then > ¢, =(
k

If no external force acts on the solid surface then

k
Ko+p)us' , where u, = 2/3 « g + ugo.

o, = 0 and consequently D& = Koo' |
k

The value w = wr + w, + w, is total coefficient
of volumetric expansion where w; is the value of

. T
thermal expansion o, =3a, {—i) + 1] and the values w,,

M.
_g’ Vis = S
e Pijs
occupied by gas and solid components [35-37] via

o, are found using molar volumes v, =

1

the following relations @, = — i

A=1,2,3,

3

Z"z; + ZV/S

Eurasian Chemico-Technological Journal 23 (2021) 133-145



A.A. Markov and K.S. Martirosyan 137

3 Zvlg + ZV!S =
=1 =
0 h Ig Y,/S
ws =3| Y a,(-B;s +BY) |, where B, = ’B’S_Y ,
Jj=1 g, tot S, tot
P 2 Pis 4
Y,=2% vy . =>Y and v, =22 v, =Y
Ig M]g g,tot ; Ig JS MJS S, tot ; JS o

2(0,x, r)(l + o, (1, x, r))

superscript zero refers to the corresponding concen-
trations at initial time instant.

The variation of porosity y(z,x,r) is modelled as
the ratio of gas elementary volume to total elemen-
tary volume, occupied by gas and solid Vs(z, x, r) =
Vo (tx,r) + Vs(tx.r) as y(t.x,r) = V,(t.x,r)/ Vs(tx,r).
We apply the result [23, 37] to simulate the varia-
ble porosity in the form

2)

x(t,x,r)=

E(t,x,r)=Y &y (t,x,r). Using the initial condition ¢ = 0:
k

x(tx,r) = x(0,x,r) the relation has to be imposed
w,(0,x,r) = E(0,x,r). We denote below x(0,x,7) = x,.

5. Basic equations

Based on the law of the acting masses, we write
a system of kinetic equations. Since the number

200.x,7)(1+ @, (t,x,7))+ (1= 2(0,x,7))(1+ E(t,x,7))

oxp, o(1-x)ps

ot

ot

+V~(;(pg u):JSﬁg,———

of moles in the reactions is not conserved, for the
components of substances we have the correspond-
ing equations for the conservation of matter in the
gas and solid phases. The basic equations are ap-
plied in the form the allow the regular limit y—0
and y—1. The dimensionless variables Eq. (1) are
used, symbol tilde is omitted. Conservation of mass
for total gas and solid phase can be presented as:

T
5o Jsog = X(1=2) pispik eXp[mgﬂJ
g

Mass conservation for gas phase are applied using the mass dispersion [34] in the form

oxp,C, ra
ot Pe,

oxp,C;
ot

M,
—+V-(;(ng1u):V-[ A pgDmgVCJ—VIgJ ’

C,=1-C -C,

S—g

N

——+V -(;(ng3u) =V [ 4 pgDmgVQ]

Pe,

The components of mass dispersion are as fol-
lows

— Dlm 0 , Pe :|u|.d[7’Pe :|v|‘d17 R
0 D Im D 2m D

2m m m

Dlm :DWI (§+¢1(Pelm)) ? DZm =Dm (§+¢2 (Pezm)) 2
G :plgp;’CZ :ngpz: e :'038’0; ’
2 (Pelm ) = (bOPelm +bPe,, In Pelm) ’

o, (Pe2m ) = (bOPeZm +bPe, In PeZm) 3)

Where by b, are constants and & is pore tortuosity
coefficient [34]. Then, mass conservation for solid
phase can be presented as:

0 (1 - ) Ps M

a(1_/1/)p1$:_'] 5 =— ZSJZS B
ot 18 Ot M,

a(l—z)p” :_M3s J.. 6(1—)(),043 _
5 7 AJTAS
ot M, ’ ot

Jis = Z(l_l)plgplskl exp(Ts /(1+ﬂ1TS)) ’
Jys = (1 _Z)z PasPssk, eXp(Ts /(1 + BT ))
Momentum conservation for gas is presented as:

dxp,u

a +V(Zpg uu)+Ma_2Vp = Re‘l V'T+SV _|_jmacro
t

slip

The gas field stresses read 1= ,u{Vu+(Vu)T —%(V ‘u)l

and the term of distributed resistance in pores
is given as(Sy) =-uk,, K=a,|ul+g,,i=1,2,3. The

i

macro slip flux due to gas slip at the pore surface
is written as j;}’,;”” =4,u/pp, [20, 21].
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The momentum equation for moving solid phase is applied in simplified form neglecting the thermal

effect of the stresses [23].

a(l_z)pS VSOlid +V‘((1
ot

V,ia 18 the velocity of solid phase.
The equation of heat balance in the gas phase
considering the effect of thermal dispersion [34]

dr,
ngpg;( ?+U'VTg +Cng.]S_)g=V' V4

QTg = QIJS—)g 2

_Z)pS Vsolidvsolid):Rgl V.o, Ojj :ZluSlgij +5ij (/JSzKCU,U§1 _Ka)) >

oy =afprlrom). ool 0

temperature jump at pore surface [24, 25] and
chemical heating is applied in the form:

Dy,

VTgJ+ macro _ie(T — T )+Q,

Tg

2g

Ao =2, (E+0(Pey,)), 4, =2, (E+p,(Pey,)) -

Thermal balance equation for solid phase accounting for gas solid heat exchange and combustion heat

reads

T,

A
pSCS(l_Z)(E'FVsoIid'VTS]_CSTSJS—@:V'[(l_l) - VTSJ"'K(Tg_TS)‘FQr > QTs:QTg .

Heat transfer coefficient is used in Leveka’s

form [25, 44] k=« (1 +Re% + Re??

loc Tloc) 2 Where

Re,. = Relulp,, 1s local Reynolds number and
Per,. = Per,, Pesjulp,, are local Peclet numbers.

6. Results and discussion

The schematic combustion model (0<r<I,
0<z<L) is presented in Fig. 1A. The front moves
from bottom to top. Oxygen is supplied from the
bottom. Porous part of the reactor occupies the re-
gion 0<r<l-d, 0<x<L. Flow part of the reactor is
1-d<r<1, 0<x<L. The model accounts Janus like
particles by determination of density of the solid
phase during the densification.

The expansion coefficient is given as follows:
K =0.564

t=0:a,=a, , oy=0.018.

ay, =0.653/K, ., ay=2915/K,,

ay=0295/K,, a,=al=510" (4)

The simulation of variable porosity is presented
for K, = 1 and K, = 6. We report the (CoFe,0,/
BaCOs)(s) synthesis using carbon combustion

Pe,,

simulation in a sample with submicron pores. The
results of computation of combustion presented
below refer to the values of parameters as follows.

3
For simplicity Zekk =w,vy =028, = 0.05-0.5,
k=1

S =0.086 and f, = 0.136. The dimensionless re-
sistance of porosity is given as a, = 0 and ¢; = 50.
The Mach and Reynolds number are Ma, = 0.2 and
Re, = 102. The values of temperature correspond
to our experimental data for porosity of 12%. The
ignition temperature T,,; = 0, (T,,;.qm = 580 C) and
the wall temperature T, = — 0.19, (T, s, = 570 C)
are prescribed. The value of initial dimensionless
temperature T,,,,, = —10.6, t = 0 corresponds to
the room temperature. The temperature jump and
gas velocity slip were imposed using A, = 10 and
A, =100 [24], for which the simulation of carbon
combustion in submicron pores is in a satisfactory
agreement with experiment.

The results of CCSO modelling for the micron
sized reagents and products were obtained for
the following parameters [24, 25]: a; = 0, ¢; = 50,
twe = 0.25, Ma = 0.01, Q, = 500, O = 60,
Re = 0.1, Pes, = 0.2, Per, = 0.4, Pe, = 0.72. The
cylindrical sample was placed in vertical posi-
tion. The ignition initiated at the bottom z = 0.
In the figures below 0<r<1, 0<z<L using cylin-
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drical coordinates r, z; where » = 0 is the axis of
symmetry.

The density of Janus particle (CoFe,0,/BaCOs)
(s) resulted in sintering in the reactor (0<r<l1,
0<z<L) is presented at various time instances for
small porosity in Fig. 1 and large one in Fig. 2. The
carbon ignition is initiated from the bottom. In fig-
ures below the r- axis is horizontal and the z- axis
is vertical one. At initial instant the amounts of
45 wt.% of BaTiO;, 45 wt.% of CoFeO, and 10
wt.% of carbon in the mixture are given. At the fi-
nal stage, all carbon is transformed to CO, and the
amount of product of sintering (CoFe,0,/BaCOx5)
(s) in the mixture will be 90% and 10% of CO,.
This value of 90% corresponds to totally syn-
thesized product. The duration of total synthesis
strongly depends on the porosity of the sample.

The data demonstrate the result of simulation
of submicron JP synthesis taking into account

the slippage J;;’;”"—Auu PP, , A, =% 2 and
temperature jump Q4" = A4,\/p,p ( -T +T)

A4, = e \/z LF of gas at solid surface where
2-a \w 2c,

0, (0<0<1) is the reflection coefficient and o',
(0<a’<1) is the thermal accommodation coeffi-
cient. The simulation at constant porosity is pre-
sented neglecting the mass and temperature disper-
sion that is not significantly influence on heat and
mass interphase exchange.
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Fig. 1. (A) — The schematic representation of the
combustion model. The front moves from bottom to
top. Oxygen is supplied from the bottom. Porous part
of the reactor occupies the region 0<r<l-d, O<x<L.
Flow part of the reactor is 1-d<r<1, 0<x<L. (B) — The

dimensionless temperature of gas phase T L (1,x;,r) and
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Fig. 2. The amount of sintered CoFe,0.,/BaTiO; for
small porosity y = 0.025, 0.05, 012 at time instances
t = 0.05, 0.075, 0.1, it is shown for the reactor region
0<r<l, 0<z<L.

Figure 2 shows that the increasing of synthesis
rate when the porosity is decreasing (compare to
the CoFe,0,/BaTiO amount in columns A, B, and
C). The highest synthesis rate is found for porosity
x = 0.025 (A) as compared to y = 0.05, 0.12 (B,
C), respectively. Note that 90%, 85% and 80% of
product is synthesized at time instance of t = 0.1
for porosity y = 0.025, 0.05 and y = 0.12, respec-
tively. The uniformity of product increases in time
that is shown at t =0.075 and t = 0.1 in column B.
More rapid synthesis takes place in more heated
zone. Initially the region of rapid sintering is lo-
cated rather far from the axis of symmetry r = 0,
because the ignition initiated by oxygen flux along
the lateral surface of a sample [18]. This region is
demonstrated in columns A and B at t = 0.05.

The results for larger porosity is presented in
Fig. 3. The almost uniform 90% distribution of
CoFe,0,/BaTiO5 1s found for y =0.2 at 1=0.2. Note
that sintering is rather slow for y = 0.5 and located
at £ = 0.2 in the heated zone (B) of combustion for
y = 0.5. Figure 3 demonstrates the thermal wave
propagating upwards. The variation in time of gas
temperature at time instances ¢ = 0.05, 0.1, 0.15 are
presented. Note the temperature maximum is locat-
ed in the region close to symmetry axis. At = 0.15
the fabrication of 90% of uniform CoFe,0./BaTiO;
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product was obtained at negligibly low amount of
carbon in the mixture and 10% of CO,. The max-
imal temperature of 1375 K is attained. Note that
experimental measurement at the instance of to-
tally consumed carbon results in temperature of
T = 1381 K in a region close to the reactor center.
Figure 4 shows the diminishing of the carbon com-
bustion front speed with increasing the porosity of
the sample.

The data in Figs. 5-10 showed the result of sim-
ulation of micron JP synthesis for which the slip-
page and temperature jump of gas at solid surface
can be neglected. The simulation for variable po-
rosity is presented using the Eq. (2) and taking into
account the mass D,,, = D,, (¢ + ¢, (Peyn)), Dy, =D,
(S + 9, (Pexn)), @1 (Pern) = (boPeiy + biPeyyInPeyy),
0, (Pe,n) = (boPey, + b Pe,,InPe,,), and tempera-
ture dispersion A;, = 4, (£ + ¢, (Pey)), Ay =4, (E+
¢, (Pe,)) that significantly influence on heat and
mass interphase exchange [34]. The thermal and
mass dispersion in JP synthesis was simulated for

b, = 0 according to the Eq. (3), and particle diam-
eter d, =3 - 10*(m). The pairs of curves (1, 4), (2,
5), (3, 6) in Fig. 6C show the volume solid phase
time history at the positions with coordinates (0,
0.5), (0.15, 0.5), (0.75, 0.5) respectively. The pairs
of curves (1, 4), (2, 5), (3, 6) in Fig. 7C show the
porosity time history at the positions with coordi-
nates (0, 0.5), (0.15, 0.5), (0.75, 0.5) respectively.

Figure 9 demonstrates the effect of expansion
on velocity of solid. The large expansion coeffi-
cients cause the radial and axial solid velocities
that presented in Fig. 9B, D that are about an order
of magnitude higher compared to small expansion
solid velocities (Fig. 9A, C). These solid velocities
effect on the advection heat transfer in solid phase
as well as on gas temperature distribution due to
interphase heat exchange. The concentration ex-
pansion of the gas phase due to the gas pressure at
the surface of the pores slows the reduction of the
pore’s sizes during the combustion process due to
the thermal and concentration expansion of solid

6.60
6.30
6.00
570
540
- 5.0
— 480 [~
450 B
420
3.90
3.60
330
3.00
270
240
210
180
1.50
1.20
0.90
0.60
0.30
0.00
-0.30
A

B

o 590

80 -
E 800 B
750 €00

- W -
- Y
€00 180

50 50

00 W0

40 360

00 30

30 I

300 210

%0 210

0 H

150 lzﬂ.g

100 o

0 ol

0.00 .00

C

D

Fig. 3. Gas temperature for (A) —y = 0.2; (B) — y = 0.5; and amount of CoFe,0,/BaTiO; for C—y=0.2 and (D) — y =

0.5 at = 0.2 are shown.

Time=0.05

240

210

180

150

— 120
= 0.90
0.60

030

0.00

-0.30

-0.60

-0.90

-1.20

-1.50

-1.80

=110

=240

-1.70

’ -3.00
330

IE

10.0
9.50
9.00
8.50
8.00
7.50
7.00
6.50
6.00
5.50
5.00
4.50
4.00
3.50
3.00
2.50
2.00
1.50
1.00
0.50
0.00
-0.50

19.0
18.0
17.0
16.0
15.0
14.0
13.0
12.0
1.0
10.0
9.00
8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00
-1.00

Fig. 4. Gas temperature for y = 0.12 at time instances at 0.05, 0.1, 0.15 is presented.

Eurasian Chemico-Technological Journal 23 (2021) 133-145



A.A. Markov and K.S. Martirosyan

phase. The results obtained show a significant ef-
fect of volumetric changes in the solid phase. The
proposed model allows us to analyze the effect of
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Fig. 5. The dependence of combustion front propagation rate on porosity. Carbon density for y = 0.01, 0.05, 0.1, 0.5,

respectively at time instance ¢ = 0.5.

thermal and concentration expansion on the rate of
synthesis and the distribution of the product in the
synthesized area.
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The results presented in this paper allow us to
reveal the features of the influence of Knudsen lay-
ers on the heat and mass transfer in JP densification
and qualitatively agree with results [20, 21]. The
magnitudes of the jumps in the temperature and

concentrations of the components of the gas phase
are determined by the coefficient of heat — accom-
modation of molecules and thermal diffusion. The
amount of slip depends on the coefficient of the re-
flection of molecules from the walls of the reactor
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of JP synthesis and form surface of pores. An in-
tense gas flow from the combustion zone and from
the sample causes heat loss and slows down the
combustion process during the densification. In the
present paper, we consider only the densification
of Janus-like particles in the porous media.

7. Conclusions

The combustion model allows to predict the
formation rate of JP densification using CCSO and
analyse the homogeneity of the product for various
initial porosity of reagent mixture. The uniformity
of product increases during the combustion time.
More rapid synthesis of JP takes place in the com-
bustion zone. Initially the region of rapid densifi-
cation is located rather far from the axis of symme-
try » = 0, because the ignition initiated by oxygen
flux along the lateral surface of a sample. The mod-
el predicts that 90%, 85% and 80% of product is
synthesized at the instance time ¢ = 0.1 for poros-
ity of y = 0.025, 0.05, and 0.12, respectively. The
larger porosity the lower the rate of JP formation
during the combustion sintering. The temperature
field caused by the thermal wave propagation in
the sample significantly varies in space and time
and considerably affects the synthesis process as it
is demonstrated. The variable porosity strongly de-
pends on volumetric expansion of the sample. The
model of volumetric expansion in densification JP
allows us to achieve the JP of sufficiently low po-
rosity compared to one at initial time instance. The
generalization of the two-temperature model using
variable porosity formula is presented for self-con-
sistent calculation of the coefficients for concentra-
tion expansion, thermal and mass dispersion. The
expansion coefficients are calculated in the porous
zone of the reactor in accordance with the kinetics
of JP synthesis, the given initial values of the den-
sity and expansion coefficients of the reactants in
the gas and solid phases.
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List of principal notations

T,= 1000 °C Referred temperature Pe, = Uolo J=12, Pe, = ”zio Peclet numbers
1,0
T Dimensional temperature
. : ) I Referred velocity
r-I Dimensionless Uo =~
T, temperature 0
7o r-1 Dimensionless Re. < olypy Reynolds number
Yij normalized temperature 0 Mo
Ty, Tjs Gag temperature and Rsia The Reynolds number
solid phase temperature analog for solid phase
T =450-500 C Ignition temperature Porosity coefficient
nitial Initial temperature of the K Thermal transfer
Tinitiar = =11y sample coefficient
Cpk Specific capacity at Py Referred pressure
constant pressure o Referred gas viscosity
P =123 Densities of gas species Ao Referred thermal
Pe=Pret Pog + Pe Density of gas mixture conductivity
v M Molar volume of solid May Mach number
=2
P component Molar masses

3
k=1

First invariant of
deformation tensor Pa

Mlga M2g’ Ms,j = 1,...,4

Qr

Thermal flux

Oy

Stress tensor for solid
phase Pa

Zo'kk = (2u5 +3ps, )ngk -3Ko
[ ¥

Thermo-elasticity
relation Pa

an Q2
QTg ’ QTX ’ ﬁ%o

Combustion heat
Heat fluxes due to
chemical reaction and
temperature jump

Oy =2 E; + 51/[/1szz'9kk - ij
*

Duamel-Neuman
formulas

it B
2-0\rx
Jogr = Aupp,

Slip parameters

@ =7+ 0+ o5 Total expansion 0,(0<0<1) Reflection coefficient
(dimensionless) .
Ars Temperature jump
sty [ Lame coefficients I1a ‘ parameter
R Jjump = AT pgp (_Tg + TS)
Wy g Concentration
expansions p o \/? cptey
r = Al T A~
wr Thermal expansion 2-a Nz 2c
E\ E, Activation energy o,0<a <1) Thermal accommodation
Volumetric expansion coefficient
coefficient Pa Dy Thermal diffusivity
Qs O Species expansion coefficient
coefficients R=18314 Gas constant
B, = RT, k=12 Dimensionless exp ( 17 ) Referred time and length
E, parameters _ RT,) scales for the Frank-
o= k Kamenetskii variables
y = cp B
e Iy =~ Aoty / (cy o)
& Tensor of deformations Fni Ignition time

(dimensionless)

Eurasian Chemico-Technological Journal 23 (2021) 133-145

Subscripts: g, s

Gas and solid




