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B cnyuae wmHOro3apsgHeIXx HOHOB (puc. 1-0.)
BBIIIEIAYMBAEMOCTL B mouBe He Oonee 50 %, xors
BEJIMYMHA MOHHOTO MOTCHIMAJa OYEHb BBICOKA. DTO
OOBSICHACTCSI TEM, YTO COJCPKAHUE MHOTO3aPSITHBIX
HOHOB B HouBe o4eHb Huskoe (104-10°3% Bec), uro
BHJIHO U3 pHC. 2 1y1s noHos Br'*, Cr#t, Co®*, Fe¥*, Fe?*,
Co#, Se5*, Sc3, Th*, Yb% u .1

JluneilHast ~ 3aBUCHMOCTb ~ MEXIYy  HOHHBIM
MOTEHIIHATIOM M PAaCTBOPHMOCTHIO ¢ K03 duirmerTom
KOPPEISIHNH Ixy=0,85 115 IepeXxoMHbIX JIEMEHTOB, Th,
P33, Sc moka3siBaeT, 9T0 KOMIUIEKCOOOpa3oBaHHE, MO-
BUANMOMY, B 00IIIeM cirydae, OoJiee yCTOHUNBOE, XOTS
UMECIOTCS HEKOTOPHIC TCH/ICHIUH pocra
BBIIIEIAYMBACMOCTH (HecMoTps Ha HU3KHE
KOHIICHTPAI[UK 3JCMEHTa B IOYBE) C YBCIUYCHUCM
BEJIMYMHBI HMOHHOTO TIOTCHIMAJNA M CPOJCTBA UX C
KHCJIOPOJIOM, YTO TPHBOAUT K TIPEBPAIIAHUIO B
YCTOMYMBBIC aHWOHHBIE KOMIUICKCHI —4epe3  PsiI
MPOCTHIX MpeBparieHuii. B 3aBucumoctu ot pH cpensr,
CTCTIEHb PACTBOPUMOCTH OKCHIIOB W THAPOOKCHIIOB
JJIEMEHTOB ~ MEHSAETCS  OT  YCTOHYMBOTO O
pacTBOPUMOTO.

[Momy4yeHHBIE MmaHHBIE ITOKA3BIBAIOT,
YCIOBUSIX CHJIBHOTO 3acojieHus mous (pH=7-9)
MPOIIECChl  BBINICIAYUBAEMOCTH  OJHOBAJICHTHBIX
nonos (manpumep Nal*, K, Cs'*, Rb™) otnocuTensno
cnabee, uyeM JBYXBaJIeHTHbIX MoOHOB (Ba?*, Ca?").
JIByxXBaJieHTHblE KaTHOHbI MEHBIIWE [0 pa3Mepy,
o0pa3zyroT HECKOJIBKO C1ab0pPacTBOPUMBIX
COCNMHEHUH C pasTUYHBIMH aHWOHAMH. Tpex u
MHOTO3aps/IHBIE HOHBI, KOTOpPHIE TpPHU Pa3THIHBIX
NPUPOAHBIX  YCIOBUSAX 00pa3yloT KOMILICKCHEBIE
pacTBOpUMBIC COCIWHCHHS, TIO-BHIUMOMY, Majo
MEPEeXOoAiAT B PACTBOpP, IOCKOIBKY OHH  JIETKO
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OCAXIAIOTCS B BHJIE OKHCIOB M THIPOOKHCIOB Ha
FCOXUMHUYCCKUX Oaphepax (B YaCTHOCTHU TIIHHE).

Takum 00pa3oM, B yCIOBUSIX CHIBHOTO 3aCOJICHUS
nouB 30HBI [Ipuapanbs, TeOXUMUYECKHUE MPOIECCHI
pPa3BUBAIOTCS pa3HBIMH MyTSIMH ¢ 0Opa3oBaHHEM
KOMILIEKCHBIX COCIVMHEHHMH XMMHUYECKUX 3JIEMEHTOB,
KOTOpBIE 110 CTEICHM BBIIICIAYNBACMOCTH HOHOB
HaXONATCS B WHTEpBAJE OT pPAcTBOPUMBIX [0
TPYAHOPACTBOPHUMBIX COCTUHCHUH.

Kak [MOKa3bIBAIOT SKCIIEpUMEHTAJIbHEIC
pe3yibpTaTel, TPH  BHIIIETAUYWBAHUH  DJIEMEHTOB
JUCTWUIMPOBAaHHOW BOJOM U3 CHIJIBHO3aCOJIEHHBIX
MOYB B TEUYEHHE PAa3IMYHBIX MPOMEXKYTKOB BPEMEHU
HMEIOTCS oTIpeJieNIeHHBIE MPENNOCHUIKU IS
037I0POBJICHUS] SKOJOTMUECKOW CHUTyallMd arporoyvB
peruona Osxuoro Ipuapanss. s s3Toro, B mepByio
ouepenp, cienyer 3aHUMAaTbCS BOIPOCaMU
PEKOHCTPYKITHH CYIIECTBYIOIINAX JpeHaKHO-
KOJUICKTOPHBIX CHCTEM M CO3/IaHHEM HOBBIX CHCTEM II0
COBPEMEHHBIM TEXHOJIOTHSM.
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COMPACTING CARBON COMPOSITES BY PYROCARBON FROM PRODUCIS OF NATURAL
GAS PYROLYSIS IN THE TERMOCHEMICAL FLOW-TYPE REACTORS

Abstract. The mathematical modelling natural gas pyrolysis and compacting carbon composites by
pyrocarbon from a gas phase in the thermochemical flow-type reactors is performed. A model takes into account
the processes of transporting gaseous hydrocarbons in the porous structure of composite, their subsequent
decomposition and deposition of pyrocarbon on the heated surfaces of pores.
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Introduction. At the production of carbon
composites one of the important stages is a compacting
their porous structure with the use of natural gas
(methane) [1]. When homogeneous reactions occur, the
complex of paraffinic and unsaturated hydrocarbons
and a number of radicals appears [2-5]. Products of
homogeneous reactions and initial hydrocarbon diffuse
to the heated surfaces of composite and then into its
porous structure where subsequently decomposite he
heated walls of pores and form a solid phase, namely

pyrocarbon.

The assemblage of volume chemical reactions of
methane pyrolysis can be presented as system of
equations:
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CH, — CH; + H" :
2CH, —2 C,Hy + 3Hy ;
H* + CyHy —2s CyH* + Hy ; o)
CyHy —2 C,Hy + H,
CoHy —25Cy + Hy

Carbon composite samples and reactor walls have
an almost identical temperature. Near the heated
surfaces of composites the temperature of reaction
gases corresponds the temperature of reactor walls, but
with distance from walls the temperature of gases
decreases and in area of mainlines of its flow has a
minimum value.

Problem statement. To study the processes of mass
transfer of reaction gases mixture and deposition of
pyrocarbon in flow-type reactors at the compacting of
carbon composite from a gas phase.

Basic part of researches. For conditions of gas
flowing along the reactor axis and diffusion rate lower
then flow rate, equations of mass transfer of i-th
component of gas mixture and chemical transformation
can be written as:

2% = div(VC; — Dy - AC) = ky - €I+ CJ...CR ., (2)

where Cj is a concentration of i-th component of
gas mixture; Din is a diffusion coefficient of i-th
component from mixture of N components; AC; is a
concentration gradient; ki, n are a rate constant of
homogeneous reaction and reaction order on i-th
component respectively.

A solving of the system of equations (2) is
possible, if the initial and border conditions of the
studied process are known.

Initial conditions determine the distribution of
concentration for components of gas mixture in the
reaction volume of reactor in start moment of process

C(%,0) = C(¥) . 3)

As a rule, initial distribution of concentration for
components of reaction gas mixture in the volume of
reactor is accepted as a constant.

Border conditions determine the features of mass
transfer on the interface between reaction gases and
heated surfaces, i. e. conditions of chemical interactions
on the interface, its gas permeability and activity.

It is known that the structure of surface for porous
carbon composite has a distinct heterogeneity
conditioned by the presence of solid phase and open
porosity.

For such surface total mass density I; of i-th
component stream on a border a «gas-solid» is
determined by correlation

L=1-w) If+w -1, 4)

where I7, IV are a mass density of streams of i-th
component on the surface of composite and in the

volume of its pores, respectively; i is relative porosity
of composite surface.

The mass density of i-th component steam on the
surface S of composite is calculated by a formula

ac
I{ =Dy~
on s

= WiS ) (5)

where 1) is a normal to the surface S; W;* is specific
volume productively of chemical transformations that
defined on the basis of postulates of chemical kinetics
[6] and which is rate of heterogeneous reaction of i-th
component of reaction gas mixture.

In a formula (5) the rate of heterogeneous reaction
for i-th component is determined by means of
correlation

WS =kf-Cf, (©)

where k7, C; are a rate constant of heterogeneous
reaction and concentration of i-th component on the
surface of carbon composite, respectively.

For determination stream of reaction mixture
density in the volume of the investigated composite, the
problem of diffusive mass transfer in pores is
considered.

In the conditions of stationarity equation of
diffusive mass transfer of i-th component of reaction
gases mixture along the length of pore can be written

as.
ac;

=2k} - f(0), )
where 7, £ are a middle radius and length of pore,
respectively; f5(C) is a Kinetic function of
heterogeneous processes.
In the case of sufficient thickness of the
investigated carbon composite, border conditions for
equation (7) are following

Ciltse =0 8)
Ci|£—>o = Cis . )

A condition (8) demonstrates the absence of
reaction gas in the end of endlessly long pore, and
condition (9) sets the concentration of gas near the
mouth of pore.

In the case of linearness of function, £°(C) = C
solution of equation (9) looks like

S
ci:cf-[—ﬁ]-z. (10)

r-Dj

The stream mass density for i-th component of
reaction mixture in a pore is set by the first Fick law

ac

I =D;-F :
atle=o

i (11)
where F is cross-sectional area of pore.
After differentiation of equation (10) on length of
pore and its substitution in equation (11), we get
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Vo= cokgr streams does not depend on an azimuthal coordinate,

V=oAL (12) . peno on an

D; and operating mode is stationary;

Taking into account equations (7) and (12) total
stream mass density, given by correlation (4), it can be
written as

I =C}-

1—w) ki —m-w; -], (13)

Equation (13) sets the discharge of components of
reaction gas mixture on the surface of porous carbon
composite. After the diffusion rate of reaction gases
from the reactor volume and the rate of their discharge
on the surface of composite will equal, the stationary
concentration of reaction gases is set.

Assuming, that the concentration of i-th
component from the volume of reactor to the surface of
composite changes on a linear law, the size of its
gradient can be defined with use of correlation

dc;  cf-cf
m (14)
where ¢? is a concentration of i-th component in
the volume of reactor; & is a thickness of diffusion
layer.
The condition of stationarity can be written as

ac;
Ldn

=1 (15)

Then correlation between the concentrations of i-
th component in the volume of reactor (C?) and on the
surface of porous composite (C) is

0_ g
LT B+(-w) kP -mw; 2k /Dy

(16)

where f is diffusion rate constant, 8 = D;/é.

Correlation (16) is end result of method of equally
accessible surfaces, specified by the two-stream
approximation for porous bodies [7].

To simplify the solution of the system of equations
(2), we introduce a number of assumptions [8]:

— a circular axisymmetrical reactor is considered,
for which a function describing the structure of gas

— rates of homogeneous and heterogeneous
reactions on every individual component correspond to
the first order;

— the Frank-Kamenetskij method of equally
accessible surfaces is used.

Taking into account the accepted assumptions, the
system of equations (1) can be written as:

ey 2k5-¢; s
dz + R{(B+(1-wy)-k? —m-w;-(2k$1/Dy)) =w, (17

where U is rate of gas stream on the axis of reactor;
R is a radius of reactor; z is a coordinate along the axis
of reactor.

The diffusion coefficients for i-th component are
calculated on the Blank formula:

1-x;

D. = ,
Y X(xi/Dij)

(18)

where X; is a molar fraction of i-th component; Dj;
is a diffusion coefficient.

The concentrations of products of homogeneous
and heterogeneous reactions are determined with the
use of correlations:

[CH4] M [CHg]—ABP,
[C,H,] = AX-L-F=E)P :[C,H"] = ﬂ (19)

6 PR

[ZTI:Z Zmzz CnHm] A F-P, [CZ] A-E-P

[

where A is a volume flow rate of methane; X, B, E,
L, F are relative fractions of methane pyrolyzed to
products of homogeneous reactions C,H,, CH;, C,H",
CniHm, C,, respectively; 6 =K-T-M; T, P are a
temperature and pressure in the reactor; M is a common
quantity of moles of gas passing through the given
section of reactor per time unit; K is gas constant.

The system of equations (16) for methane and
products of its homogeneous decomposition in a
reactor, taking into account correlations (18), looks
like:

(ky +k3) - ¢

‘“”5"’)+w p=S-ky-@o—(ky+ky+ks) @:

d(US(p)+‘l’6 =S
dz
LD 9 B=5k -
d(USF)

d(US L)

+Y, - F= Sk5¢>

Dby, L=5 k¢
d(USE)+‘1’4 E=S -k, &,

(20)

wherep =1—-X—-B; <;b X—-L—-F—E.

Rate constants for homogeneous reactions of
formation of radicals, acetylene, heavy hydrocarbons

ky = - (X+BB)-t *In (A_j_B) ko = -

and soot carbon ki-ks in the system (1) are determined
with the use of following correlations [9]:

L -ln( ¢ )
(L+E+F)t kg-At

: L n (A = B) ky = (L+EI:-F)~t.1n (ij-t);

(21)

n (kg('ﬁA‘t) '
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It is assumed that during processes of compacting
porous structure of carbon composite the next
conditions are fulfilled:

— deposition rate of pyrocarbon in the porous
structure of composite is small enough;

— porosity of composite is the slowly changing
function of time.

In this case, problem of mass transfer in single
cylindrical pore of carbon composite is
mathematically formulated by the system of
equations (7)-(9), and also by the following

Cio-(exp[(zkf/f-Di)]o'S-(f—2h)]+exp[—Ev(Zkis/f-Di)o's])

correlations:
9 ap _ N S S C: -
’ E - i 1 i ’ k" ’ i ’

Pli=o = Po

(22)
(23)

where S; is a specific reactive surface of
composite; po is an initial density of material of
composite; 9 is rate of pyrocarbon layer growth.

Solution of equation (7) taking into account
conditions (8)-(9) can be presented as correlations [10]:

Ci=

where 2h is a thickness of carbon composite wall.

Because of the size of specific reaction surface
area of carbon composite S;i corresponds the specific
surface area of pores; it can be defined with the use of
correlation:

2(pr—
5 =200 (25)

where pris a real density of material of composite.
Performing the substitution of correlation (25)
in differential equation (21), taking into account a

1+exp[20-(2k] /7-D;)]

: (24)

formula 9 = pi - YN kf - C; it can be written:
0

dp _ 2(pr—p) . ZN hi-Ci-po

ac — Fprp SELIN K

(26)

After integration of correlation (26) on p (from
po to p) and on ¢ (from 0 to ¢) we obtain
transcendent equation in relation to a parameter py
pn Which characterizes the change of apparent
density for material of composite on the its wall
thickness:

2po

pr—p)

-ln(
A PR

N
= . kS.co.
7 (k7 D)5 - py DIy K7 Zl t

i=1"i

(1 + expl(1 = 24) - (2kf/7 - D)®F] = exp[—C - (2K /- D)) =

1 —exp[—2h- (2k{ /7 - D;)*5]

—exp[—zh-(ZkiS/f-Di)]>

" 1—exp[—2h-(2k /7-D;)05]

Computing experiment with the use of the offered
mathematical model was performed by means of the
computer program in algorithmic language of «Turbo
Pascal.

Initial data for the calculation are natural gas
composition and flow rate; geometrical parameters of

reactor; initial porosity and thickness of carbon
composite wall; middle radius of pores; temperature
and remaining pressure in reactor; duration of

pyrocarbon deposition process.

Output parameters are distribution of individual
hydrocarbons (radicals) concentration in the volume of
reactor and in the porous structure of carbon composite;

@7)

deposition rate of pyrocarbon; distribution of
composite density on the wall thickness for its different
areas.

As a numeral example the calculation of pyrolytic
compaction of composite was executed for next
conditions: composite on basis of graphitized carbon
clothes with novolak-type binder; natural gas (96.50 %
CHy; 0.54 %; C3Hs; 0.44 % C2Hg; 0.20 % CaHao; 1.5 %
Hy; 0.82 % N,) at a temperature 1050-1100 °C;
remaining pressure 1.0 kPa, open porosity of composite
- 24 %; middle radius of pores 7.0 mcm).

Table 1

DISTRIBUTION OF DENSITY ALONG TO THE THICKNESS OF CARBON COMPOSITE
AFTER ITS GASPHASE COMPACTING

Distance from Density, g/cm?®

surfaces, mm initial calculated real
0 1.085 1.286 1.285
2 1.085 1.278 1.276
4 1.085 1.267 1.265
6 1.085 1.250 1.254
8 1.085 1.248 1.247

Authentication of the offered mathematical model
was performed by comparison of calculated values of

carbon composite density with real ones obtained
during in optical and mechanical researches (see table
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1). It was found that variance of theoretical and
experimental values of density is, on average 0.5 %,
that confirm to applicability of the offered model to the
quantitative estimation of density distribution on
thickness of composite wall at its compacting from a
gas phase.

Conclusions. The model for natural gas pyrolysis
process and mass transfer of reaction gas mixture at
compacting of carbon composites by pyrocarbon
deposited in flow-type reactor is developed. Offered
model was successfully tested at practical calculations
of pyrolytic compacting carbon composites” in reactors
of different construction.
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