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STUDY OF THE PROCESS OF FORMATION OF CARBON BLACK
PARTICLES DURING DECOMPOSITION OF HYDROCARBONS

V. FP. Surovikin and L. S. Kazakov

Study of the process of carbon black formation during the
d:«composition of hydrocarbons 1in gases of complete combuction has great
s_gnificance for the chemical processing of hydrocarbons to obtain
highly dispersed carbon black, and also for gas-mazut heating of boilers
and industrial furnaces.

Although -the process based on the decomposition of hydrocarbon raw
material in complete-combustlion gases 1s finding ever Proader application
in the production of carbon black, 1t as yet has not been adequately
studled. In this process natural gas and alr are fed tangentlally into
a combustion chamber at an excess air coefficient o = 1.2-1.6, and the
hrdrocarbon raw material, atomized by compressed air, 1s fed axially
fom the front end of the reactor. Mixing of the flow of raw material
and air with complete-combustion gases and the decomposition of hydro-
carbons with the formation of carbon black take place in the reaction
channel. In this process the intensity of heating and mixing of
hydrocarbons with gases is of great significance. Thus, as industrial
competence was achieved in the technology of preparing carbon black in:
reactors with tangential supply of natural gas, it was established at
the Novo-Yaroslov, Volgograd, and other factories that carbon black
vith a specific surface of 70-75 m2/g 1s obtalned stably in this
process at a temperature of 1380-1400°C. However, any furthér increave
in temperature does not lead to a noticeable ilncrease In specifia
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surflace, and wlth a significant rise in temperature the yleld of cu. on
black drops sharply. This 15 probably connected with inadequate
inteonsity of the mixlag processes.

Solution of the problem of rapid mixing of hydrocarbons with
complete-combustion gases 1s approached in various ways, which in turn
is the result of the great number of different designs of reactors.
Var:.ous methods which are known include twisting the gas flow [1],
breaking up the flow of raw material into a number of individual streams
(2], contraction of the reaction channel at the point of raw material

input [3], and others.

In thils article we are concerned witﬁﬁthe results of experiments

R (S

on the process of formation of carbon black in an experimental-industrial
reactor under conditions of highly intensive mixing of the hydrocarbon
tc be decomposed with complete~combustion gases. “—.__

Figure 1 shows a schematlic diagram of the experimental-industrial
reactor®., The reactor consists of a combustion chamber, a nozzle, and
the reaction channel. Gas or liquid fuel and air (excess ailr factor
a = 1.03-1.5) is fed to the combustion chamber from the front face.
the products of complete combustion arrive 1n the nozzle at a temperature
of 1100-1500°C and are ejected at a velocity of 350-400 m/s into the

reactlion channel.

Liquid hydrocarbon raw material 1s supplied to the nozzle; the
hydrocarbon ls atomizedby the high-temperature gas flow and is mixed
wlth lt. The formation of carbon black proceeds in the reaction
channel, at the end of which the reactlon gas 1s pulled by water down
to a temperature of T00°C.

A prellmlinary check on a laboratory installation wlth a raw
raterlal consumptlon of 2.5 kg/hour showed that thils method of atomizing
the hydroearbon raw material 1s hlghly effective [4, 5], It was

-

Bihe followlnge peorsonnel took part In the expevrliments: K. B,
Serebryakov, AL Ve Ropov, and A, I, Pavlov.,
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possible to ob.aln carbon black with a specirié.surface of 70 m?/g
from green oil at a temperature of 1280-1300°C, which indicates & high
speed of mixing processes. and also shows -that the process of carbon,
‘black formation occurs in the kinetic region (this last was determined?
by special experiments) fel.

LY A PN

Fig. . Schematic diagram of erperimental‘industrial reactor.
: F = fuel; CA -~ compressed air (6 atm); SA ~ secondary air
' (0.5 aum), RM ~ raw material I<V —.sections of thé reactor in: :
' which samples were taken' 1 ~ ¢ombustion chamber, 2 = nozzle;, )
3 = reaction chambor, 4 =~ pneumatic fuel nozz1e° 5 ~ radial tubes
for - supply of raw material; 6 — nozzle for supplying water to cogl
the gases; T — insulation and refractory linings; & — platinum-
platinrhodium thermdcouple;

The- design, of the experimental-industrial reactor retainéd the
linear velocity of the gas in the nézzle, the méthod of intro@icing
the raw material into the flow, the thermal stress of the combustion
chamber volume, and the geometrical shape of the burner, nozzle, and .
reaction chamber. Since it was established earlier that the formation 1
of carbon black -particles and their coagulation and coalescence into *
chains proceeds in the initial section of the reaction zones, a high
gas velocity was designed only for this section of the zone; the- veloclty
was reduced in the remaining portion of the reactor, which made it
possible to reduce the length of the reactor, The results, shown in
Table 1, indicated good convergence of data obtained from the
experimental-industrial reactor with data obtained during work on the
; laboratory installation [5].

-
v RSOOSR s

FTD~HT-23-330-69

LA




e e oyl e s P o ——— - P

Table 1. Results of technologlcal experiments and cszleculation of
t;he magnitude of specific surface of carbon black with respect to
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The nigh intensity of prdqessés of mixing and heaping the raw
materidl leads to a situation in which the rate of égrbgn;black particle
s formation approaches the. maximum possible rate at the given température..
This makes it possible ‘to- obtain éarbon black with a spec¢ific surface:
of 80-85 m%/g with a yield on thé raw material of 42-48% and particles
. with a specific sirface Qf”;oo-;98~m?/g with a yield of 35-37% on the
raw material. )

Experiments were -conducted with variable -concentrations of
decomposing hydrocarbons in the reaction gas :and with different
‘temperatures ih thé reaction .channel. 1In thé first case the flow of
gas from the -combustion chamber into thé nozzlé was maintained -¢onstant;
while the flow of raw materidl was varied from 450 to 900" kg/hour. In
the sécond case the flow of raw material was held constant at 600-650.
kg/hour-while the temperature in the reaction channel was varied by
regulation of the excess alr coefficient in the burner. The - H
experimental reésults are -shown on Figs. 2 and 3 and, partially, in
Table 1. An increase in the supply of hydrocarbon raw material to the
nozzle leads to a reduction ir temperature ih the reactioh channel from:
1450 to 1320°C, and also to a drop 4n the specific surfacé of the
: carbon black from 120 to 52 m2/g. With. variation- of :the temperature
in the reaction channel while the flow .ef raw material is maintained
§ constant, the change in specific surface of carbon black with

temperature is considerably less sharp. A growth in specific ébiface
. of thée carbén black from 85 to 100'm27g is observed when the f{€émperature
s is changed from 1380 to 1425°C.

g

Thus, in the first case the average change 1in specific surface
with temperature comprises 0,62 mzkg per °C, while in the second case
3 it was 0.23 ma/g per °C. Data from the experiments indlcate that the
) magnitude of specific surface of carbon black in the furnace process
k . 1s determined by two basic factors: temperature and the concentration
t

of hydrocarbon raw material in the reaction zone.

3 Experiments were conducted to study the transformation of
hydrocarbons with the formation of carbon black along the length of the
reaction channel according to a procedure developed earlier [U]. For
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this purpose watercooled gas samplers were installed ‘in varicus

" sections of -the peaction .channel, as shown .-on Fig. 1. 'The samples of

. carbon black and gas which wére .drawn off were .analyzed by known

* methods. The yield, specific surface, and oil absorption of the carboh.
- ‘black and ‘thé composition of the gas were -determined. ab. each samp;ing<
point; the VTI-Z:gas,analyzer'was used. The concéntration of water .
vapor in the reaction gas was determinéd by calculation from the

{ hydrogen and ‘oxygen balance.,

N
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Fig. 2 Fig., 3
Fig. 2.. Dependence of specific surface of carbon: black and
proeesa Lemperature on: flow rite of hydrocarbon. 1 < specific
surfaée of carbon black; - 'pr ce€ss témperature.

Fig. 3. Temperature -dependence of specific surface at a constant
hydrocarbon flow rate.

In several sectlons samples of carbon -black were taken at the
wall of the reaction chamber and also along its axls. The specific
" surface of carbon black drawn from the .different points was identical.
.The degree to which hydrocarbon decomposition was completed was
evaluated according to the optical density of a benzene extract of the
carbon black.

The vemperature of gases in different sections was determined by
thermochemical calculation based on the composition of the gas, with
consideration of heat losses into the ambient medium. In some sections,
temperature measurements were made with a platinum-platinrhodium
thermocouple and with a radiation pyrometer. The nature of the change
in temperature and in gas composition along the length of the reaction
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zone 1is shéuwn on Figs. 4 and 5. Direct measurement was not possibie

in the zone of maximum temperature, owing ‘to the instantaneous
‘destruction- of :the thermodouple, The results of the experiments are
shown- in Table- 2. ‘
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Fig. 4. =Calcu1atéd curve of the temperature change along the
length os the reaction channel.
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Fig. 5. Kinetlcs of gas formation during decomposition o¢f green
0il in the reaction zone., A — carbon dioxide; @ — carbon monoxide;
8 — hydrogen; 0 -~ water vapor.

Sampling of carbon black along the length of the reaction channel
showed that the process of formatlion and growth of carbon black
particles 1is completed in the industrial reactor with a contact time
of 2.M~10'3 s. The specific surface of the carbon black is identical
in the initial and final sections of the reaction zone.
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Table 2. Kinetlcs of carbon black formatlon and of tae change in
the gas composition in the reactlion zone of the inductrial -reactor.
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The magnitude of optical density of a benzene extract of carbon
black shows a negligible concentration of hydrocarbons on the carbon
black, i.e., at a contact time of 2.ﬂ-10-3 s complete decomposition
of hydrocarbons takesplace. Since processes of diffusion and heat
transfer can also take place in this time, it is evident that the

L ORI
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time of the actual process of formation and growth of carbon black 7?
5y

particles is significantly less than the measured time. i F}
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T e ontact time in the reaction zone of industrial reactors should
be increased to 0.05-0.07 s and more; depending on the type of carbon
black to be produced; in this way the optical density of the benzene
extract 1is held within the limits 0.005-0.01, according to the
requirements of the user. The process of formation and growth of carbon
black particles occuples no more than 1-2% of the total contact time
in the reaction zone of an industrial reactor.

Apparently, under the considered conditlons evaporation of a drop
of hydrocarbon raw material precedes the formation of carbon black
particles. The obtained experimental results contradict the procedure
for calculating reaction zone length which was proposed in work [10],
where the stage of evaporation of drops of raw material is taken as
the base. Thus, with a contact time of 2.&-10'3 s there are no drops
of raw material in the reaction zone, and only the optical density of
the benzene extract of the carbon black permits detecting a small
quantity cof undecomposed hydrocarbon on the surface of carbon black
particles.

The experiments showed that 1n Industrial reactors the formation
of carbon black during decomposition of raw materials proceeds at a
higher temperature than that which 1s usually measured at the end of
the reaction zone. A_rapid growth 1In temperature 1is observed in the
initial periéd. However, there is no foundation for connect¥fg the
rise 1n the rate of carbon black particle formation with a certaln
growth in temperature and the achievement of a maximum, since special
experiments using individual hydrocarbons [6] having a large induction
period showed that, despite the completion of oxidatlon processes long
before the moment of carbon black formatlon, the character of the kinetic
curves of particle formation rate is identical 1n all cases.

The obtalned experimental data were used in an effort to calculate
the process of formatlon of carbon black particles with a definite
specific surface of the carbon black at the output of the reactor
arzording to the glven parameters of the technological process. The
e:sence of the proposed calculation method lIs an fellowa, Glven flow
rotes of luel, alr, and raw materlal, and aluo glven tempoprature in
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the reactlon zone and composition of reactlion gases are used to

Jdetermlne the total volume of reaction gas V2. The concentration in

the reactlon gas of carbon formed as carbon black particles is determined

from the following equation:

( :,..ﬂ_ (1)
where C®1is theconcentration of carbon in the reaction gas in g/cm3;
G 1s the flow rate of raw materiél, kg/h; n is the yield of carbon
black In %; V is the volume of reaction gas, m3/h.

In order to determine the concentration of carbon black particles
In the reaction gas, it 1s possible to apply the equatlon developed
by N. N. Semenov [8] for branched chain processes with quadratic breaks

in the chaln:

ang (¢ Y41 —1) : (2)
Yiitd—e+h/ai—t—ole’?
WE T .

n—

where n 1s the concentration of carbon black particles at moment of
time t, no./cm3; Ny, (f - g), and g, are constants of equation (2);
t 1o the time of contact of the hydrocarbon in the reaction zone in

S\EGCunds.

At large t, formula (2) 1s simplifled and takes the form

[

ne- Eul) . (3)
V=0 At —(/ — &)

The speciflc surface of the carbon black was determined at the
moment of exlt of reaction products from the reaction zone. Therefore
1t 1 consldered that the final concentration of carbon black particles
which was found according to equation (2) at t = 0.07 s 1ls equal to
the Llme of contact of the hydrocarbon in the reactor.

For the calculatlons we used the constants Ny (f - g), and Bg»

determined earller [6, 9] on a laboratory lnstallattion for green oll.
Interpolated values of these constants were used only wlithin the

14
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invesf igated temperatare Interval of 131544072, Ap gttespt to
extrapolate the values of these gonsrants Yo the Stugersture interyval
1360-1240 {ske} %0 did not yileld szatiszdactory rezulls.

Kngwing the osncentration of carbon in tho rnaapzenzgaﬁ‘iﬁﬁz and
the nurker of partieles {n}, we¢ will determine the welpht of au gverace
particle g, in grams:

ot
Tav * a0

and the velume of an average particie:

E
a4y
Vav e
where p Is the true density of a earban blagk pariivie {we take j‘
p = 1.87 giwn3).
The average dlameter of carbon black parkicles and the apecifiz ﬂ

surface are determined according te known formulaz:

s
Vay T e Viyo 08

oo |
m\h& ' o he

o
where dav A is the average diameter of a particie ia A.

The results of calculations by this proceduore are Shown In T le L.
The calculation demonstrates that the maximum divercenc- of value. of
specific surface for carbon black obtained experimentuily and detuorminsd
by calculation does not exceed 20%. The application of the constant.
obtained in laboratory conditions to calculate the industrial procesc
in conditions of different concentraticns (by the Semenov equaticon.)
zives good agreement with experimental data in terms of the Specific
surface of the carbon black. This 1indicates that the process of
formation of carbon black particles in the inductrizl reactor 1z
described well by the Semencv eguations fer a branched prosess witn
quadratic breaks in the chain, and that these equations can be used
with an adequate level of accuracy for ecalculating industrial proee oo
for manufacturing carbon black.

11




In the experiments 1t was noticed that the concentration of
particles in the reaction gas does not depend on the concentration of
decomposing hydrocarbon. At a constant temperature, an increase in
hydrocarbon concentratlion leads only to an 1lncrease in the size of the
formed particlés. An analogous phenomenon was observed in experiments
with a benzene-nitrogen mixture [7], and also in experiments on the
decomposition of toluene in complete-combustion gases. In experiments
wi.h benzene the growth in particle yield ended at a benzene
ccncentration of 1.3%, while in experiments with toluene the value was
1.)%. It 1s possible to assume that during the decomposition of highly
a-omatized hydrocarbons the cessation of particle growth sets 1ln also
a. a concentration no higher than 1.9%. In connection with this, a
change 1n the concentratian of hydrocarbon in an industrlal reactor,
which compriseé;més a rule, no iess than 2.5%, will not affect the
yleld of particles in a unit of reaction volume, but will only lead to
a change in the sizes of the growing particles. Thils 1is explained by
the concurrent nature of the processes of particle formation and growth
and also by the acceleration of the process of selzure of new radical-
ruclei by the rapidly increasing surface of forming and giowing

particles. ' pa—

——

\
Study of the change 1in reaction® gas composition with time shcws

that over the course of the process there is Interaction of water vapor
and CO2 with the dispersed carbon which is being formed. A growth in
the concentrations of hydrogen and carbon monoxide 1s observed.
Calculation shows (see= Table 2) that the components of the reaction of
waier gas are found in equilibrium in any segment of time. This result
corresponds to assumptions expressed earlier [12].

Conclusions

The process of formation of carbon black particles in an industrial
reactor can be descrlibed by the equation of N. N. Semenov for branched
chaln processes with quadratlic breaks in the chain. The speciflc
surface of the carbon black can be determined by theoretical calculation
according to the technologlcal parameters of its manufacture.
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The heatup and evaporation of hydrocarboh raw material, and. also
the formation and growth of carbon black particles, occupy about
{(2-3)+1073s 1n an industrial readtor with gases: moving at a speed on
the order of 300-400 m/3 in the zone in which they are mixed with: the
hydrocarbons.

Atomization of the hydbocarbon raw material by high-tgmpEPQture
gases. from the complete combustion cof the fuel at a high relative rate
of motion ensures that the raw material will be heated at a high rate.
In this process the magnitude of specific surface of the carbon black

depends on temperature and on the concentration of hydrocarbdns in the
reaction gas.

The temperature of -the gases in the reaction channel of an
industrial reactor is not constant along its length. This temperature
grows rapidly in the initial zone, due tc the flowing of exothermiec
reactions; it achieves %he maximum at the moment of total consumption
of oxygen and then 1ls reduced due to exothermic reactions of gasificétion
and to heat losses intc the environment.

The composition of water gas varies over the length of the reaction
zone, but at any moment of time the water gas reaction is in equilibrium,

corresponding to the temperature of the reaction products.
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ABSTRACT

nological parameters of

its manufacture, The heatup

(U) The process of formation of carbon black particles in an
industrial reactor can be described by the equation of N, N,
Semenov for branched chain processes with quadratic breaks in
the chain, The specific surface of the carbon black can be
determined by theoretical calculation according to the tech-

and

evaporation of hydrocarbon raw material, and also the forma-

tion and growth of carbon black particles, occupy about (2-3) times
40(minus superscript 3)s in an industrial reactor with geses
moving at a speed on the order of 300-400 m/s in the zone in

which they are mixed with the hydrecarbons,
hydrocarbon raw material by high-temperature gases from the
complete combustion of the fuel at a high relative rate of
motion ensures that the raw material will be heated at a high
rate. In this process the magnitude of specific surface of
the carbon black depends on temperature and on the concentra-
tion of hydrocarbons in the reaction gas,
the gases in the reaction channel of an industrial reactor is
not constant along its length,

Atomization of the

The temperature of

This temperature grows rapidly
in the initial zone, due to the flowing of exothermic reactions;
it achieves the maximum at the moment of total consumation of
oxygen and then is reduced due to exothermic reactions,
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