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AHHOTANUA

N3naratorcst pe3yiabTaThl UCCIIEIOBAHMS BO3AEHCTBUS TEIJIOBOM M KOHIICHTPAITMOHHOM JuCTiep-
CHU Ha CHHTE3 CJIOKHBIX OKCHJIOB Ipu ropenun yriepoaa (CCSO) B mopuctoii cpene. [Ipen-
CTaBJICH aHaJU3 JUTEpaTypbl. [I[puMeHEeH METO MOTYYEHUS] MaKpOypaBHEHUM COXpaHECHUS B
MMOPUCTOH Cpejie, OCHOBAHHBIN Ha YCPEIHEHUH 110 3JICMEHTAPHOMY 00beMY YpaBHEHUI coXpa-
HEHHUs Ha MUKpoypoBHE. IIpencTaBieHsl pemiaemMble MAaKPOCKOIMYECKUE YPABHEHUS COXpaHe-
HUS, BKJIIOYAIOIINE JUCIIEPCUOHHBIN, KOHBEKTUBHBIM U KOHAYKTUBHBIA MEXaHU3M TEIUIO- U
MaccoIlepeHoca B Cpelie, COCTOSINEH M3 pearupyronimx KOMIIOHCHT Ta30BOW M TBEpHOH (das.
[IpomsBeneno obe3pa3MepuBaHre pelIaeMbIX ypaBHeHHUH. [IpeacTaBiIeHO Tpu KUHETHKH CHH-
Te3a. Pe3ynbTaThl yIOBICTBOPUTENBHO COTIIACYIOTCS C JAHHBIMU AKCIIEpUMEHTOB. COMOCTaB-
JIEHBI pacyeThl, BKJIIOYAIONINE BO3ACUCTBUE AVMCIIEPCHU MPHU 33aJJaHHON MOPHUCTOCTH C pacue-
TaMu, NpeHedperarommmMu aucnepeneii. [IpeacraBinenHble TaHHBIE TO3BOJISIIOT MOJIEIHPOBATD
1 otieHnTh BimsHue auctiepcud Ha CCSO, Takux Kak PPOHT rOpeHHs., CKOPOCTh CHHTE3a U OJ1-
HOPOJHOCTb PacHpeIeCHUs B PEaKTOPE PEareHTOB U MPOJAYKTa CUHTE3a MUKPOHHBIX YaCTHI]
TUTaHaTa Oapusi.
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Abstract

This paper reports a study on thermal and mass dispersion in carbon combustion synthesis of
oxides (CCSO) in a porous media. A well known volume averaging procedure of the micro-
scopic conservation equations over an elementary volume is applied to derive the macroscopic
conservation equations in a porous media. The approach allows us to account for the dispersion,
convective and conductive heat and mass transfer in a porous media consisting of gas compo-
nents mixture and solid particles of reactant species. The model developed in dimensionless
variables using the similarity parameters is applied to numerical simulation of barium titanate
micron particles synthesis using the thermal and mass dispersion effect. Three different kinetic
schemes of synthesis are explored. The results are in satisfactory agreement with experimental
measurements. The modeling with allowance for dispersion is compared to that one neglecting
the dispersion. The data presented demonstrates the significant influence of the dispersion on
CCSO process such as the combustion speed, the rate of synthesis and the uniformity of reagents
and product distribution in the reactor.
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The schematic presentation of the combustion model. The front moves from bottom to top. Ox-
ygen is supplied from the bottom (figure 1A). The temperature of solid phase (left) and gas
(right) at time instance #=0.1 is shown in figure 1B. The normalized reagent density TiO, (¢)
referred to max (TiO,) figure 1C and product density BaTiO;(¢) referred to max (BaTiO;)
figure 1D versus time at the sample location (2.5,0) on the axis of symmetry is compared with
the experiment [18], (points)
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1. Introduction

Thermal and mass dispersion may be characterized as a mechanism of transfer that occurs in
moving gas or liquid in a porous media. While the molecular diffusion takes place in a flowing and
stagnant media as well, the dispersion is strongly influenced by the hydrodynamic flow. Hydrody-
namic/mechanical dispersion results from velocity variations, which arise from the velocity profile
in a single pore, the velocity differences between different pores in the porous media and the tortu-
osity that occur in configurations of fluid moving across porous media systems. The fundamentals
of the dispersion theory and further references can be found in [1-3]. The various methods and
results of averaging in porous media are reviewed in [4]. The thermal and mass dispersion are ef-
fected by fluctuations of temperature and concentrations of species in multicomponent gas mixture
in a porous media. The dispersion was applied in the literature [4—8]. The thermal dispersion was
modelled as a tensor which components being either parallel or orthogonal to the main flow direction
[5—7]. The dispersion thermal diffusivity was presented as the addition to the thermal (molecular)
conductivity describing the longitudinal, transverse and lateral heat transfer. It was anticipated that
the transverse and lateral dispersions are of the same order in core region of the porous media, but
not in the region near the impermeable wall. The correlations for the longitudinal and transversal
dispersion coefficients for mass transport are discussed in [5, 6]. Longitudinal dispersion values
were consistently higher compared to their transversal counterparts. The transversal component of
heat dispersion was modelled as a velocity dependent term, which is added to the thermal conduc-
tivity term in the energy equation. The dispersion concept explains the difference of transfer param-
eters measured along and across the main flow observed in the experiments [4]. Analysis carried on
a Brinkman flow model [8], allows to conclude that dispersion affects to increase heat transfer while
boundary and inertia effects to act contrarily.

The self-propagating high-temperature synthesis (SHS) was developed in numerous papers
[9] where references can be found. A novel, modified SHS process using carbon combustion syn-
thesis of oxides (CCSO) was suggested in [10]. The theory of complex oxides synthesis via com-
bustion requires the multi-temperature models to be applied [11—-18]. This formulation considers the
reactor of synthesis by two coexisting temperature fields of the solid and fluid phases. In the pres-
ence of two temperature fields, there is an additional heat exchange between both phases, i.e., there
is no local thermal equilibrium.

Because of its very high dielectric constant at room temperature, barium titanate ( BaTiOs) is
one of the most important materials in ferroelectrics [18, 19]. Also, BaTiO; ceramics present a fer-
roelectric—paraelectric transition at the Curie temperature, showing the so-called positive tempera-
ture coefficient of resistivity (PTCR) effect. In the ceramic industry, BaTiO; powder is frequently
obtained after calcinations of TiO, and BaCO; raw materials. Regarding this matter, industry re-
quirements need to balance energy consumption, calcination time, and the quality of the final par-
ticulate product. Comprehension of the reaction kinetics allows to meet these industrial requisites
[18, 19].

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
characteristic 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 continuously in order of magnitude (i.e. they are continuous) [3, 4]. For particulate media,
the geometric heterogeneities are the result of large differences in particle sizes and nonuniform
distribution and agglomeration of particles with different sizes. For continuous media the heteroge-
neities are the result of size aspect ratio and spatial distribution of the solid phase. Chemically, the
solid phase may be either inert or it may participate directly in the reactions as a catalytic surface or
a source of fuel [5—8]. The complexity of interphase surfaces and structures of porous media requires
the deriving the macroscopic conservation transfer equations by a volume averaging of the micro-
scopic conservation equations over a representative volume [3—5].
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The objective of present paper is to analyze the effects of hydrodynamic dispersion on the heat
and mass transfer that occurs in CCSO. A volume averaging of the microscopic conservation equa-
tions over an elementary volume using [3] allows us to derive the macroscopic conservation equa-
tions for convective and conductive heat and mass transport in a porous mixture of gas components
and solid powder of reactant species. The deviations of temperature and gas species densities from
the corresponding mean values are applied as the dispersion terms caused by temperature and mass
fluctuations [4—7]. The closure scheme of the set of governing equations is based on experimentally
verified results [8] for gas-solid thermal nonequilibrium combustion. The model developed for di-
mensionless variables is numerically solved and applied to barium titanate synthesis using three
kinetics [10, 18, 19]. The simulation results are in satisfactory agreement with experimental data
[19]. The thermal dispersion strongly influences the thermal front propagation as well as the barium
titanate synthesis rate.

2. Microscale balance equations

We begin with point-wise conservation equations in microscale volume V™" for two phases
gas and solid. Let gas and solid occupies the volume V™ and (1— y) V""" respectively, where
y 1s porosity. We suppose the continuum hypothesis and the thermodynamic equilibrium in micro
volume and phase interfaces hold [20, 21]. We consider the energy conservation equations for gas
and solid phases

oT,
peceX| o VT, =V (24,VT,)+ 7 (1= 7) Oreee (1)
0Ty
pScS(l_Z)E:V'((I_Z)X’SVTS)-i_Z(l_Z)Qreac (2)

The conduction, advection and combustion heat are included. The gas and solid conductivities
are taken in the form yA; and (1- y)As [6,7], Tg,ce is gas temperature and heat capacity of gas at
constant pressure, A is thermal conductivity of gas, Ts,cs 1s temperature and heat capacity of solid,
Ag is solid thermal conductivity, Q,... is the combustion heat that depends on kinetics and will be
specified below.

Deriving the macro equations via the volume average approach

The volume-averaged balance of mass and energy is obtained from the averaging of the point-
wise conservation equations (1), (2). Rigorous derivations of volume- averaged conservation equa-
tions are considered in [3—6]. The intrinsic phase- average of a scalar or vector quantity w, is
defined as the volume average of that quantity over the elementary representative region
Q(x1,x2,x3) centred at point B with coordinates (x;,x,,x;), where « =g for gas and a=s for
solid phase. The average value is defined as

1
<l//a>=; j v, AV, a=gs Q=Q,UQ;
0

o

Let V be the volume of Q and V' =V, +Vs, where V, and Vs are the volumes of parts occu-
pied by gas and solid respectively. The choice of the size of the elementary representative volume
V is such that it is large compared to the pore- (or particle-) level geometric length scale dp, but
small compared to the averaging geometric length scale /. At the same time, /, must be much
smaller than macro scale L (diameter of the reactor of synthesis), so the restriction dp </lo < L is
supposed. The averaging of quantity i, related to volume V,, is defined as
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1
v,

v, dV,a=g,s

a

The formulas are valid <l//g> = Z<Wg >g Awg)=(1-2)(ws)’.

We apply below the averaging over a stagnant region supposing the solid phase is not moving
and gas velocity is zero (u =0) at the interphase surface. To derive the macroscopic equations from
the microscopic equations, the following averaging theorems [3—5] relating the volume average of
a spatial derivative to the spatial derivative of the volume average are needed:

(V29T =V-(RIT) 3 [ 2,97, n, a4 ()
Aa/,
AV =24 (TN [ 2Tn, A a=gs. @
A

g

where 4, is the interface between the phases; n,, is outer normal with respect to region Q ,

Using (1-4) and the volume averaging, we arrive at the energy conservation equations for gas
and solid phases

Cpgpg;((%<Tg>g+(u>g-V<Tg>g) v (22,9((1,))) +(@.)+

1
o [ (24,T,)n, d4+V- ( j;{ﬂ T,n dAJ

Cops (1= 2) {15 =V (1= )45 (VT)" ) +(0)+
+— j (1= 2) AgVTy)-ng d4+V- {;S Aj (1- 7) AsTyng dAJ,

(O,) denotes the averaged combustion heat. Let the heat exchange terms using the interphase heat

transfer coefficient « be as follows [1, 2]:

1 % 4
—J' A, VT)n dA+V{ gAJ.S;MngngdAJ:;K((TSy<Tg>é),

_SAj (1= 2)AsVTs) mgdA+V - ( SAj (1- 7) AsTyng dA]—§K(<TS> (1)),

A is the square of 4, g

Thermal and mass dispersion

Now we decompose the microscopic temperature into the sum of the intrinsic phase average
(macroscopic) and a deviation of temperature marked by strike as 7, = (T, }* + Ty, Ts =(Ts )" +T§
The restrictions are implied [6, 8]

(Pe) =Py (A)° =Ag:(s)” = s, (Cepy)” =Copy (Csps)’ =Csps (u)f =u (5)

5
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The velocity deviations are not considered. The averaged equation for gas temperature in the
case of constant heat capacity at constant pressure C,, reads

0 g g g A g S
Cpgpgz(at <T > +(u)* 'V<Tg> j =(0,) +V'((x/1g +DTg)v<Tg> )_;K(<Tg> ~{Ts) )
The equation for solid phase at constant heat capacity using the averaging takes the form

Csps (1_1)%<TS>S = <Qr>+v'((1_7()/1sv(<TS>S)+DTSV(<TS>S ))_gK(<TS>S _<Tg >g)

The closure modeling for thermal dispersion is given by tensors D1, and Dr,. The closure
tensors can be written as follows:

V'DTgV(<Tg>g)=—Cpg;(pg‘PDu+V'(;(/1gVT;)+VL [ ;(ﬂgVTé:'ngdA+V{VL [ 22,7, n, dAJ,
4

gAgS AgS
¥y, ={u-VT,) {an }

V'DTSV(<T5>S):V'(<(1_Z)/15VT§>S)"'VLS _[ ((1—7()/15VTS')'HSdA"‘V'(VL J- (1-2) AsTsng dAJ

Ags Ags

The similar procedure of averaging mass conservation equation for oxygen and carbon dioxide
results in the equations

St (<ijg> )+V'(<u>g <Z,0jg>g)=<ij>g +V-(<D;(pg>g V(<Cj>g)+;(pgDmgV (<Cj>g )), =12,
V.(ZpgDmgV(<Cj>g))=—;(pg‘~I’Cu+V~(D;(ng(<C}>g)) {Dgpé j J
\pCu:<u>g.v<cj>g+VL<u>g- [ cad

Here the terms Wy, and W, present the gas velocity impact into mass dispersion, (J m >g is

mass flux due to chemical conversion of density p;, in combustion, pi, = po,, P22 = Pco, s
_ -1 -1
Ci = po,ps »C2 = pco, Py -

We apply the closure model [8], developed to study the heterogeneous combustion and satis-
factory agreed with experimental measurements.

Ags = A +Aps Diy=(Ap)1, Ap =2, (byPe, +bPe,In(Pe,)),

g
Dy =D+Dhy, Dy, (Dld;()l D!, =D(by,Pe, +bPe,InPe,),

were | is the unit tensor; |u| is the norm of velocity vector; dp is the particle diameter; Dis the
diffusivity; ag is the gas thermal diffusivity; Ags = Ag, i.e. the thermal dispersion of solid phase is
not considered, The local Peclet numbers read [8]
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_Zld, o zluld,
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Three Kinetics of BaTiO, synthesis

We consider the three models of kinetics for barium titanate synthesis [10, 18].

I. BaCOs3 precursor

0,+C—H Q —h 5co,, BaCO,—%2» g; CO, +Ba0, TiOz+BaO%>BaTiO3,
BaO + BaTiO, TSR Ba,TiO,, TiO, +Ba,TiO, % 2BaTiO,

I1. BaO precursor

0,+C—F— COZ, TiO, + BaO—)BaT103, BaO + BaTiO, T)Ba Ti0,
TiO, + Ba2T10 Q3 —=—2BaTiO,

I11. BaO:2 precursor
Ba,TiO, T) BaTiO; + BaO

For the BaCO; precursor kinetics the combustion heat is written as follows:

E, _ SeX 3 E,
R<Tg>g}+k2Qz(1 l)<PBac03> P[ R<T >gJ

g

(0,)=kx 0 (1- 7()<1002 >g (pc >S exp{

Macro dimensionless governing equations

We apply the reference time scale ¢, #, =10(s), related to activation energy E and preexpo-
nential factor in the reaction rate expression 4y, [17]. The height and radius of the porous sample
are [y =0.0007(m),r =0.07(m), the gas velocity u, related to combustion speed in CCSO is
uo =7x107 (m/s) [16], 1o = ki 'exp(ExR'T;").

The dimensionless values marked by tilde for dimensional ones are presented below (the av-
eraging symbol is omitted).

. R S /
x; :ﬁa t:_a ui:£9 p:£7 uO:_Oa l:172’37
ly Iy U Do Iy
~ P g ~ _ Ps 2 p_ D
P Prg T Prgs Py = > =—=, j=L2, Py =—>3Cp =—, D=—o,,
g lg g°r’g X Jjg ) Lo g c, Do
- A = A . C _ . I3
My =mg +mcoza/1g an, s =%, CS:_S,Maz—ymsz,Re— ,
ﬂO AO cp Loty tOVazr
Is poc ? ~ Otk ~ 1 Rp,T,
PT: L s Pl_ 0 9 Q: 0L ) kj_ j> ]:172737 po— bo (6)
th Ao 1Dy PoC 1o 0 M,
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Here A=1f; V=IyxA; Po = Pair =0.4(kg-m™); Ay = Aur =0.06(W/m/K);
Dy =2x10"(m?/s); ¢, =C,ur =1114(J/(kg-K));  Var =9.7x107° (mz/s); Ps = Pc(s)s
Pleg = L0,(2)s P2g = Pco,(g) are species density; T,,Ts are the temperatures of gas and solid phases
that can be found using formulas 7, =T, (1 + BT, ), Ts =T, (1 +ﬂf5); Ko = kotoA/(cppoV) is the
dimensionless heat transfer coefficient; cg,c,, are the heat capacities; ZS , /ig are the heat conduc-

tivities; D is the mass diffusivity; Ma, Re are the Mach and Reynolds numbers; Pe;,Pe, are the

thermal and diffusion Peclet numbers, subscript air is referred to the air parameters at normal con-
dition. The main dimensionless parameters related to activation energy and combustion heat are

B=RL,/E, y=cpTy3/Q [17]. R,E,Q are the gas constant, activation energy and combustion
heat. In our numerical simulation the following values are applied S ~0.1, y =0.2. (7, = 900K ),

ky =10,k =0.5, k5 =0.1, 0, =60, O, =0.1.
For the sake of brevity, we use the numbered subscripts for molar masses and mass densities
of species according the notations

My, =m(0,), My, =m(CO,), Mg =m(C), M5 =m(BaCO;), M35 =m(BaO),
Mg = m(BaTiO,), Mg =m(Ba,TiO,),
Pig = Po,> Prg = Pco,> Pis = Pcs> Pas = PRaco;> P3s = PBao>
Pas = Prio,» Pss = Patio,> Pes = PBa,Tio,

We write down the governing equations (tilde is omitted) for variables (6) and kinetic scheme
(D [16, 17] using the molar masses and heat capacities relations as follows.

M M M M
lg +1:i, iclg_'_ClS:iczg’
M Mg Mg M
M, M M M M M
Crg = Cog M £+ o3 M3S » C45 = Csg —MSS Gy M3S ) Cos 0= € yg ks —,
28 28 45 45 Mg Mg Mg
were M,.g,MjS are molar masses; Cig» Cj5 QIC heat capacities, i =1,2, j=1,...,6.
The total mass conservation for gas and solid read
OXP, o(1-x)p T
+V- u)=J, ., — 25— g Jo. =x(1- k, ex £ 7
ot (Zpg ) S—>g ot S—>g S—g Z( Z)pSplg 1 €Xp ,BTg‘l‘l ( )
The mass conservation for gas species Oz, CO> are
P, C Dy M,
£ _4V-(gp,Cu)=V| ==p VC |-—XJ,,,, C,=1-C,
ot (Zpg 1 ) Pel pg 1 MS S—g 2
Po, = P.Cis Pco, = P.Cs (8)

D,y = y(1+b,Pe, +bPe,nPe, )

In reactions involving solid species, reactants are not mixed on an atomic level, and they must
diffuse into each other to propagate the reaction within the solid phase. Then, in the TiO, + BaO
system, subsequent BaTiO; formation is controlled by diffusion of barium ions through the BaTiO;
layer [19]. The mass conservation equations for solid species according the kinetics (I) and including
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the diffusion of BaO which depends on specie BaTiO; concentration [19] may be presented in the
form

Prs _ Pas _ Opss _ Mg M

o ==Jis> o =—Jag, ot _Mzs JZS_M4S (J35+J4S)J33+DS0 exp(=Bppss) »
OPas _ Opss _ Mss OPss _ Mss
7__‘]35_‘]5& Py —M—“(Jss—f4s +2J5S), Py —M—“(Ju—fss)a )

were Ds, is a coefficient involving the diffusion of the migrating specie BaO, S, =0.092,
Ds,=0.1.
The fluxes for reactions (I) are:

T T,
Jis :Z(I_X)Plsplgkl exp{—g] =(1-y) psk, exp( J
BT, +1 BT, +1
Jys=(1- ) k(TgJ —(1-z) k(TJ
38 TU=X) P3gPash, EXp| ————— X) PssPashs €Xp
AT, +1 pPT, +

Jss=(1- Z)z PesPashks eXp s
pT, +1

The momentum conservation equation of gas in porous media is applied in the form [4, 16].

oxp,u

5 +V-(;(pg uu)+Ma_2Vp=Re_1V'T+SV, T=,U[V“+(V“)T —%(V-u)l}, (10)

were Sy is resistance term [3,15], (Sv), =-u;n;, 17, =, lu|+¢;, j=1,2,3; u; are velocity com-
ponents in Cartesian coordinate system; p = p, (1+ ST, )is the gas pressure.
The heat balance equation for gas phase including the thermal dispersion reads

oT, Ags
PeCpe X ot UV + TS5, =V ZPe VT, _K(Tg_TS)+Qra (11)
Tg

Ags =1+(byPe, +b Pe,In Pe,)

The heat balance equation for solid phase is written as

o7, A
PsCs (1_Z)E_CST JS—>g —V-[(l—;() >

eTs

VTSJ+K(Tg—TS)+Q, (12)

We apply the Leveqa’s formula [20] describing the heat exchange between gas and solid
phases

K _K0(1+RelocpeTloc) (13)

were Re,,. =Relu|p, , Pep,, =Pe; [u|p, arelocal Reynolds and Peclet numbers [17].

The above system (7) — (12) of governing equations was applied with appropriate initial and
boundary conditions on the lateral surfacer =1, axis of symmetryr =0, inlet x=0 and outlet
x = L of the reactor [17]. The thermal and oxygen fluxes were given on the inlet at the prescribed
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time interval. The heat exchange with outer region was imposed on the lateral surface and outlet
boundary.

Results of modelling and discussion

We present the simulation of barium titanate BaTiO; fine particles synthesis in the reactor
region 0 < x < L, 0<r <lusing the free heat exchange on lateral surface » =1,0 < x < L and on the
outlet 0 < 7 <1, x = L for thermal exchange coefficient a,, =10°. The combustion is initiated by the
thermal flux g (¢); qr(t)=Qr,0=<¢t <tmir; qr(¢t)=0,t>tinir , and by the oxygen flux Oy =100 on
the inlet (fig. lA). At initial instance, the species densities of reagents were given and gas velocity
was zero.

The results of CCSO modeling for the micron sized reagents and products were obtained for
the following parameters [17]: a; =0, ¢; =50, t,;, =0.25, y=0.5, Ma=0.01,0r =500, 0=60,
Re=0.1, Perg =0.2,Pers =0.4,Pe; =0.72 . The thermal and mass dispersion in barium titanate syn-
thesis was simulated for b; =0 see (12), porosity y = 0.5 and particle diameter d, =3x10*(m).

The reactor region is shown schematically in fig. 1A. The combustion wave propagates from
bottom to top through the porous medium consisted of gas and solid particles. The product of syn-
thesis is produced behind the combustion front. During the front movement, the CO» flow is gener-
ated and the O; and CO» mixture flow propagates upward. The combustion was initiated by a heat
flux supplied from the bottom. The difference between the temperature of solid and gas phases in
fig. 1B is not remarkable except the region close to combustion front. The result of barium titanate
synthesis in fig. 1C, 1D is satisfactory agreement with experimental data [19].

TiOy(t)
mx(T10,) | =

CO2

i

front 150 05t

0.5

02+
CO2

.
35 BaTio; (1)
[ max(BaliO; )

o LI

L
28
=

U 1 1 Il
0.5 1.5 2.5 t

Fig. 1. The schematic presentation of the combustion model. The front moves from bottom to
top. Oxygen is supplied from the bottom (fig. 1A). The temperature of solid phase (left) and gas
(right) at time instance ¢#=0.1 is shown in fig. 1B. The normalized reagent density TiO,(¢)
referred to max(TiO,) fig. 1C and product density BaTiO;(¢) referred to max(BaTiO; )
fig. 1D versus time at the sample location (2.5,0) on the axis of symmetry is compared with the
experiment [ 18], (points)

The density distribution of reagent TiO, (figs. 2A and 2B) and the product BaTiO; (figs. 2C
and 2D) presented at the time instance #=0.5 (figs. 2A and 2C) and 7#=2.5 (figs. 2B and 2D)
illustrates the solid species formation in the reactor region using the kinetics (I) (BaCO;5 precursor)
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for y =0.5, a, =10’ and heat transfer x, =1200, see formula for heat transfer (13). Note the fast-
est rate of barium titanate synthesis for kinetics (III), about 90 % of reactor is occupied by BaTiO3
at time instance? = 2.5 (see fig. 2D).

The results in fig. 3 refer to y =0.5, &, =1200, . =10°. The thermal and concentration
dispersion intensifies the heat and mass transport. The temperature (solid curves) is higher compared
to ones neglecting the dispersion (points). It is interesting to note the increasing thermal front prop-
agating speed and lower rate of temperature decreasing behind the combustion wave caused by dis-
persion. This result is dshown via temperature maximum values and temperature against time vari-

ation illustrated in fig. 3.

TiO2 density TiO2 density

BaTiO3 density

142 BaTiO3 density

14.0
13.5
13.0
12.8
12.0
1.5

450 102 - 1

5644 — 420 950 | [— 153
390 390 900 9,50
3.60 360 £50 200
330 330 800 850
300 300 i L0
170 370 7 7.50
27 s 850 7.00
240 240 6.00 6.50
210 210 550 6.00
1.80 1.80 500 550
1.50 1.50 430 5.00
1.20 b 400 450
1 120 350 10

0.90 3 3.50
0.60 0.60 500 300

A B C D

Fig. 2. The dynamics of reagent density TiO, (figures 2A and 2B) and the product density
BaTiO; (figs. 2C and 2D) is presented at the time instance ¢ =0.5 (figs. 2A and 2C) and 1=2.5
(figs. 2B and 2D) using the kinetics (I) (BaCOj; precursor) for y=0.5, a., =10° and heat trans-
fer xy =1200, see formula for heat transfer (13)
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Fig. 3. Temporal axial temperature profile for locations (0,0), (0.25,0), (1.25,0), (2.5,0), (3.75,0)
(curves and points 1,...,5 respectively) on the axis of symmetry is shown. The results of simula-
tion with allowance for the dispersion effect (solid curves) is compared with no dispersion ones
(points) using the precursor in barium titanate synthesis (kinetics (II))
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Fig. 4. The gas temperature distribution in the sample at time instance 7=0.4 is demonstrated
for three kinetics (I), (IT), (III) of barium titanate synthesis (figs. 4A, 4B, 4C respectively)

It is important to emphasize that oxygen release in kinetics (III) causes significant acceleration
of thermal front propagating speed (fig. 4C as compared to figs. 4A and 4B). The values of temper-
ature maximum in figs. 4A and 4B three times as higher than that one in fig. 4C. The transfer of
some of the heat through the solid to the reactants in the gas phase results in the gas temperature
increase and in turn, heat transfer to the solid.
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0,50 = 10.5% 12.50
0.85 I 10.0 1245
0.80 o 9.50 1;.12
= 0.78 9.00 1:.5.
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1148

A B

Fig. 5. The density of reagent BaO in the region of BaTiO; synthesis at time instant #=0.4is
shown for three kinetics (I), (I), (III) — A, B, C respectively

According to kinetics (I) the initial value of reagent BaO is equal to zero while the prescribed
nonzero initial value of BaO for kinetics (II) and (IIT) was given. According to the kinetics (I) the
reagent BaO is produced in reaction of BaCO; decomposition and consumed in reactions of
BaTiO; and Ba,TiO, synthesis. These two conversion processes results in localized region of BaO
nonzero density shown in fig. 5A. The acceleration of thermal front propagation for kinetics (III)
causes the higher consumption of BaO region (fig. 5A) as compared to ones for kinetics (I) and (II)
(figs. 5A and 5B).
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Fig. 6. The density of the product BaTiO; in the reactor region at time instance ¢ =0.4 is pre-
sented for kinetics (I), (I), (III) — A, B, C respectively

The results presented in figs. 2, 6 demonstrate the lower rate of barium titanate synthesis in
region close to the lateral surface and outlet as compared to the core region of the reactor. This result
is due to the cooling during heat exchange with outer media via transfer coefficient o, =10°. The
comparison results of modeling for (1), (IT), (II) allow us to conclude the fastest synthesis rate for
kinetics (III).

Conclusion

The generalization of CCSO model based on [17] with allowance for the thermal and mass
dispersion (CCSOD) is presented and verified. The averaging procedure [3—5] using an elementary
volume was applied to derive two temperature model equations including the deviations of temper-
ature and of gas species concentration from the corresponding mean values. The closure of the set
of governing equations is based on [8]. The analysis of thermal non-equilibrium between the gas
and the solid phases was made by comparison computations with dispersion and that ones for the
no-dispersion model. The intensification of transfer due to the dispersion was obtained in numerical
simulation of CCSOD.

The application of CCSOD model was approved for barium titanate synthesis using three ki-
netics [10, 18, 19]. The simulation results are in satisfactory agreement with experimental data [18].
The thermal dispersion strongly influences the thermal front propagation rate. We may conclude
that dispersion tends to increase heat transfer while boundary and inertia effects tends to act contra-
rily. The comparison of kinetics schemes for barium titanate synthesis showed the highest rate of
synthesis for BaO, precursor kinetics scheme. The distribution of reagents and products in the re-
actor region allows us to analyze the dependence of uniformity of species caused by the thermal
heat exchange between phases and outer region.
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