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Numerical Prediction and Measurement
of Carbon Black Through Turbulent
Combustion and Decomposition of Natural Gas

M. Moghiman!

In this paper, the measurements and evolution of a 3-D numerical solution procedure are
described for prediction and valuation the production of carbon black in the course of turbulent
incomplete combustion and thermal decomposition of natural gas in a gas carbon black furnace.
A particle collection system is used to measure the carbon black concentrations in the furnace.
In the numerical technique, a combination of a two-step soot model and a chemical reaction
formulation relates the production of the carbon black to the incomplete combustion and pyrolysis
of natural gas as the parent fuel. The chemical reaction model, which involves solid carbon and
other precursor species for formation of carbon black, based on an assumed Probability Density
Function (PDF) is parameterized by the mean and variance of the mixture fraction and 3-PDF
shape. The effect of feedstock flow rate, equivalence ratio and radiation on carbon black furnace
parameters are investigated. The comparison between numerical predictions and experimental
measurements show good agreement. The results show that for relatively low feedstock flow
rates, most feedstock hydrocarbon burns to CO while, for higher feedstock flow rates, the
decomposition of feedstock and formation of solid carbon is the dominant process and has an
important role in the production of carbon black. The results also show that radiation has a major
influence on the precombustor where most soot combustion takes place, causing a reduction of

about 10% in the precombustor temperature.

INTRODUCTION

Carbon black has been widely used in industry, es-
pecially in rubber and plastic production. The gas
furnace process for the production of carbon black
was applied at the beginning of this century, but was
later replaced by the cheaper oil furnace process. A
possible new application - the production of carbon
black from associated oilfield gas - raises new interest
in this process. Flaring or venting of natural gas which
is a very wasteful practice and causes environmental
pollution, can be avoided by using the gas furnace
black process. In comparison with liquid fuels, the
gaseous fuels do not lose the heat of evaporation
and have the advantage of mixing rapidly with hot
gases.

In practical carbon black furnaces, the two main
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processes of carbon black production are incomplete
combustion and thermal decomposition of feedstock
hydrocarbon fuels [1]. In the precombustor of the
furnace (Figure 1), the turbulent lean combustion of
fuel raises gas temperature in the mixing zone and
reactor, where feedstock hydrocarbon rapidly meets
and mixes with the stream of hot gases. Turbulent rich
combustion and thermal decomposition of feedstock
produces carbon black and other precursor species for
the formation of carbon black. Almost all the soot
formed in the precombustor diffusion flame is consumed
through oxidation by the precombustor excess air and
other oxygenated species. Soot oxidation which is the
primary method by which soot is normally consumed
is accompanied by radiation which has considerable
influence on the heat transfer [2].

The production of carbon black particles involves
a complex series of chemical and physical processes
which control both the conversion of fuel carbon to
carbonaceous particles and growth or, probably, com-
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Figure 1. Carbon black gas furnace.

bustion of some of these particles. A comprehensive
model of carbon black prediction must include all of
these processes. Although many useful attempts at
soot prediction modeling have been made, no generally
applicable model considering all aspects of turbulent
combustion and decomposition processes has yet been
devised [1,3,4]. Despite the highly turbulent nature
of most practical combustion applications, due to the
difficulties of solving an excessively large number of
partial differential equations, studies of numerical soot
predictions have been typically limited by the use of
one- or two-dimensional laminar combustion phenom-
ena and simplified or quasi-global models [5,6]. Recent
advances in the size and speed of digital computers have
allowed the possibility of employing sophisticated CFD
techniques and comprehensive mathematical models to
predict detailed turbulent reacting flows and combus-
tion properties in combustion systems with complex
physical geometry.

The purpose of this paper is the evaluation of
carbon black formation through experimental mea-
surements and modification and utilization of a 3-D
numerical technique, which predicts detailed turbulent
flame structure and relates carbon black formation
to both specific pyrolysis species and soot formation
through incomplete combustion of natural gas. Based
on the modern oil furnace process [1], an axial flow
carbon black gas furnace (max. performance 5-10 kg
carbon black per hr) has been designed and man-
ufactured employing the same principles but using
natural gas as feedstock (Figure 1). The design of the
furnace allows the adjustment of all relevant process
parameters such as equivalence ratio, feedstock flow
rate and air feedstock ratio.

EXPERIMENTAL CARBON BLACK
FURNACE AND MEASUREMENTS

The carbon black furnace used in this investigation, is
a simplified generic small-scale axial flow gas furnace.
It has been designed and manufactured based on the
modern oil furnace process but using natural gas as
feedstock hydrocarbon {max. performance 5-10 kg
carbon black per hour). The basic geometry of the
carbon black furnace is shown in Figure 1, consisting
of a precombustor, a mixing zone and a reactor. In
the precombustor, the axially injected natural gas fuel
burns with the process air, which is introduced through
two tangential inlets. The highly swirling hot gases
meet the feedstock natural gas fuel, which is injected
radially into the precombustor in the vicinity of the
mixing zone. The abrupt enlargement in diameter
at the exit of the choke encourages the mixing of
feedstock fuel with the hot gases. The design of the
furnace allows the adjustment of all relevant process
parameters such as air/fuel ratio, air/feedstock ratio
and reactant preheat temperatures. The carbon black
concentrations in the furnace were determined using
a particle collection system. This involved isokinetic
sampling from the flames, followed by measurement
of the gas and carbon black volumes in the samples.
Tests were carried out with a sampling ID 6 mm and
a suction rate of 2.5 1/min, leading to near isokinetic
conditions (sampling: 1.5 m/s; flow: = 2 m/s). The
90°-bent nozzle design used in this study shows lower
particle deposition losses within the nozzle [7]. A fiber
filter was installed in the probe tube and its weight
was measured before and after sampling, using an
analytical balance (Mettler AE 50-S, Metter Instru-
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ments Ltd, High Wycombe, UK) with an accuracy of
+ 0.1 mg. The filters were dried for 1 hour at 125°C
before each weighing. Type R thermocouples, which
were used in this work for accuracy, measure absolute
temperatures within a tolerance of + 50°C and relative
temperatures within £ 5°C. As the carbon deposition
on the bead of thermocouples can have a significant im-
pact on the temperature measurements, measurements
were carried out with a clean bead. Experimental
measurements were carried out for precombustor fuel
flow rate of 0.135 m®/min and different feedstock flow
rates. Air flow rate was 1.4 m3/min at 400°C.

CHEMICAL REACTION MODELING

The feedstock furnace process is based on the incom-
plete combustion of methane:

2CH4 + 202 — CO4 + 2H; + 2H,0 + Cg,
(Reaction 1)

and thermal decomposition of methane [8]:

CH,;+Energy — Cg+2H,. (Reaction 2)

Such an endothermic decomposition is at relatively
high temperatures. The main problem in the prediction
of carbon black formation is the modeling of both fuel
combustion and decomposition, simultaneously. The
mixture fraction / PDF method is used to model the
turbulent chemical reactions occurring in the diffusion,
combustion and thermal decomposition of natural gas
in the carbon black furnace. This method, which as-
sumes that the chemistry is fast enough for a chemical
equilibrium to always exist at molecular level, enables
the handling of large numbers of reacting species, in-
cluding intermediate species. In non-adiabatic systems,
where change in enthalpy, due to heat transfer, affects
the mixture state, the instantaneous thermochemical
state of the mixture, resulting from the equilibrium
chemistry model, is related to a strictly conserved
scalar quantity known as the mixture fraction, f, and
the instantaneous enthalpy, H*, ¢; = ¢:(f, H*). The
effects of turbulence on the thermochemical state are
accounted for with the help of a probability density
function (PDF):

1
%= / 6:(F FF)p(f)df. (1)
0

As in carbon black furnaces, the heat transfer
from walls is not high. For simplicity, it has been
assumed that heat losses do not, significantly, impact
on the turbulent enthalpy fluctuations.

In this study, the 3-probability density function
used by Jones and McGuirk [9]) is used to relate
the time-averaged values of individual species mass
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fractions, the temperature and the fluid density of the
mixture to instantaneous mixture fraction fluctuations.
The [-probability density function, in terms of the
mean mixture fraction f and its variance f'2, can be
written as:

e
T ey O
where
azf[f(;n_l}

B=1-7) [% - 1] . (3)

Using the unweighted averaging [10], the values of
the two parameters f and F at each point in the
flow domain are computed through the solution of the
following conservation equations [11]:
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where the constants o.,Cy(= 2/0,) and Cy take the
values 0.7, 2.86 and 2.0, respectively [10]. The trans-
port equation, which calculates the distribution of the
instantaneous enthalpy, is as follows:
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where k; is turbulent thermal conductivity and Sy in-
cludes the heat of the chemical reaction and radiation.
The instantaneous enthalpy is defined as:

T
H'=) m;H;=) m; [/T ¢p,i AT +h5(Tret,5)
J 2

ref.j

k]

(7

where m; is the mass fraction of species j and h$(Trer ;)
is the formation enthalpy of species j at the reference
temperature Tres ;.

SOOT FORMATION / OXIDATION MODEL

In this study, the two-step empirical model of Tenser et
al. [12] is used to predict the formation / oxidation of
soot. This model takes into account the particle incep-
tion, surface growth and oxidation of soot particles in
diffusion flames. Considering decomposition processes
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due to high temperatures, Tenser et al. constructed the
kinetics of the process based on a chain-type radical
process. They used the idea of the formation of some
active radical particles, named nuclei, from which soot
particles would later grow. In this model, the rate of
nuclei formation, Ry, depends on a global, branched-
chain process, described by:

Ry =no+(f —g)nN — gonsnn, (8)

where Ry s is the rate of nuclei formation and ng is the
kinetic rate which is a temperature dependent rate of
spontaneous generation of nuclei and obtained as: np =
apcr exp(—FE/RT). Here, ag is the pre-exponential rate
(particles/kg-s), cr is the fuel concentration (kg/m?),
f and g are branching and termination coefficients,
go is the rate of loss of nuclei due to collisions with
soot particles (m®/particles-s), and ng and ny are
the concentration of soot and radical nuclei particles
(particles/m?), respectively.

Tesner et al. proposed a rate equation for the
particle forming step and evaluated the coefficients in
their equations with experimental data, viz.

P = (a = b, 9)
where a and b are the constant parameters. The
coeflicient values of the Tesner model are as [12,13]:
a = 105(1/s),(f — ¢g) = 10%(1/s),b = 8 x 1078
(m3 /particles), ag = 2.32x10'7 (particle/kg-s), E/R =
90 x 10* K. Magnussen constant = 4.

The distribution of the mass fraction of radical
nuclei is obtained through the solution of the following
transport equation:

o (oma) + 5 (puim) = 2 (£
Btp N ox; puimn _afL‘i

where my = ny/p (particles/kg), on is the turbulent
Prandtl number for nuclei transport and Ry is the
net rate of nuclei generation (particles/m3-s), which
involves a balance between formation and combustion.
The rate of nuclei combustion is assumed to be propor-
tional to the rate of soot combustion:

RN,C :RS,CTL_N7 (11)
ns

where Rgs . is obtained from Equation 13.
The rate of soot formation, Rg ¢, depends on the
concentration of radical nuclei:

Rs,s = mp(a — Bns)n, (12)
where:

m, = mean mass of soot particles (kg/particle)

a = empirical constant (1/s)

J¢] = empirical constant (m3/particles-s)
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The generalized formulation of Magnussen and
Hjertager [14] is used to determine the rate of soot
combustion:

mo msSs el

3
= - A——
Rs.c [IAmSpk, Ss m555+mp5ppkl (13)

where:

A = constant in the Magnussen model
mg,mg, mr = mass fraction of soot, oxidiser and fuel

Ss,SF == mass stoichiometries for soot
and fuel combustion
k = kinetic energy of turbulence
€ = dissipation rate of turbulence energy

the operator || - - - |] takes the smaller of the expressions
in the brackets.

The solution of a transport equation describes the
distribution of soot concentration:

o 2] 0 [ Omg
= ——(puims) = L Rs,
6t (pmS) + 6131 (pu mS) 81121' (0’5 BCEl ) + (5;[4)

where o5 is the turbulent Prandtl number for soot
transport and Rg is the net rate of soot generation,
which is the balance of soot formation and soot com-
bustion:

Rs=Rss — Rs.c. (15)

RADIATION MODEL

The radiative heat transfer in the absorbing, emitting
and scattering medium is calculated by the Discrete
Ordinates (DO) radiation model {15]. The radiative
transfer equation in the direction s and in terms of the
spatial coordinates, z, is as follows:

d(ls,) i

dz;

oT* o
(r,s)=ag—+—=
+(ag+0s)I(r,s)=a, — |

where:

I =total radiation intensity

s; = components of s

ay = absorption coefficient of gas

o, = scattering coefficient

o = Stefan-Boltzmann constant (5.672x10~8 W/m?2K?)
r = position vector

T =local temperature

s = direction vector

s’ = scattering direction vector

1 = solid angle

The discrete ordinates model solves the radiative trans-
fer Equation 16 for a finite number of discrete solid
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angles, each associated with a vector direction, s, fixed
in the global Cartesian system (z,y, z). The weighted-
sum-of-gray-gases model [16] is used to determine the
variable absorption coefficient. When s < 10~* m, the
equation for absorption coefficient, a4, is as:

I
ag = ZGE,ikiPa (17)

=0

where ap r are the emissivity weighting factors for the
I'th fictitious gray gas, k; is the absorption of the ith
gray gas and p is the sum of partial pressures of all
absorbing gases. For ag,; and k;, values obtained
from [16] were used. When s > 10~ m, the absorption
coefficient is calculated from:

ag = —In(l —€)/s, (18)

where s is the path length, which is determined by
the characteristic cell size and the emissivity, ¢, is
computed using the following equation:

I
e=Y ac:(T)[1 — exp(—k;Ps)]. (19)
1=0

The effect of carbon black concentration on the ra-
diation absorption coefficient is included, using an
effective absorption coefficient for carbon black. The
absorption coeflicient of a mixture of carbon black and
an absorbing radiating gas is calculated as the sum of
the absorption coefficient of pure gas and pure carbon
black:

Qcp4g = Qg + acp, (20)
and
@b = bicm[1 + br(T — 2000)], (21)

where ¢, is the carbonblack concentration in kg/m3
and the coefficients b; and by are obtained from [17]:
by = 1232.4 m3 /kg and by ~ 4.8 x 10~11/K.

Although most of the gases present in the combus-
tion systems, such as carbon dioxide and water vapor,
are strong absorbers and emitters, they do not scatter
radiation significantly [18]. Scattering was assumed to
be isotropic and the scattering coefficient was set to
1 x 1075 [18].

NUMERICAL SOLUTION PROCEDURE

Fluent CFD software [19], which allows one to model
furnaces with complex geometry and solution- adaptive
grid-refinement, has been applied in this study to solve
the 3D problem. Gambit and TGrid preprocessors
were used for the fully three-dimensional geometry
creation and unstructured grid generation, respectively.
The 3D volume grid is represented in Figure 2. The
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Figure 2. Three-dimensional grid (enlarged cell size for
presentation purpose).

domain was discretized into a grid of 15713 nodes and
74170 tetrahedral cells. The conservation equations
of mass, momentum, Reynolds stresses, dissipation
rate, mixture fraction and its variance and concen-
tration of soot and nuclei were solved by applying a
conventional finite-volume treatment, using a second-
order upwind scheme for discretisation of the con-
vective terms of transport equations. A Reynolds
Stress Model of turbulence (RSM) was used instead
of the more usual ¥ — ¢ model, since clear evidence
exists that prediction of anisotropic, highly swirling
and recirculating flow is otherwise unsatisfactory [20].
Abandoning the isotropic eddy-viscosity hypothesis,
the RSM closes the Reynolds-averaged Navier-Stokes
equations by solving six differential transport equations
for Reynolds stresses, together with an equation for
the dissipation rate of turbulence kinetic energy [21].
The conventional wall-function approach was used in
the near-wall region [22]. At the inlet boundary,
conditions were specified once and did not need up-
dating during the course of the solution procedure.
At the outlet boundary, zero gradient conditions were
applied. A fixed temperature condition was applied
at the wall of the furnace. A grid dependence study
was conducted to arrive at the appropriate size of
the grid to combine accuracy and efficiency. The
number of grid points was varied from 13517, 15713
to 170411 for a typical set of operating conditions.
It was observed that the field quantities varied less
than 1% after the number of grid points was increased
beyond 15713. For the radiation model, emissivity
coeflicients at the flow inlets and outlets were taken
to be 1.0 (black body absorption). Wall emissivity
was set to be 0.6, a typical value for gas combus-
tion.

RESULTS

The measurements and numerical calculations were
carried out for a total precombustor inlet airflow rate of
23 x 1073 m3/s, at a temperature of 673 K and normal
atmospheric pressure of 1 bar. The equivalence ratio
used for the precombustor was 0.941.

Figure 3 shows the calculated distributions for
CH4, temperature, nuclei, soot and solid carbon, which
have been obtained for 3.2x 1073 kg/s of feedstock flow
rate. Of particular importance are Figures 3c to 3e,
showing the formation of carbon nuclei from the enter-
ing feedstock methane jet (Figure 3c), soot production
from the interaction and breakdown of the methane
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Figure 3. Contours of species mass fractions and
temperature (K).

jet with hot combustion products and the production
of solid carbon again from the entering methane jet
interacting with hot surroundings. Clearly, the use of
more inlets for the feedstock methane injection would
have improved flow and aerochemistry symmetry and,
undoubtedly production of carbon black. Experimental
conditions precluded this.

Figure 4 shows the calculated effect of feedstock
flow rate on soot, solid carbon and carbon black (the
summation of soot and solid carbon) at the outlet of
the furnace. It can be seen that for lower values of
feedstock, as the reactor temperature values are high
(see Figure 7), the values of C(s) are low because most
feedstock burns to CO (see Figure 9) and some of it
forms soot. For higher flow rates of feedstock (which
is a cold gas), higher values of C(s) are formed and,
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Figure 4. Effect of feedstock flow rate on calculated solid
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due to reduction of temperature, the formation of CO
and soot decreases (the soot model strongly depends
on temperature).

Figure 5 shows the influence of furnace equiv-
alence ratio on measured carbon black parameters,
namely, carbon black production (defined as kg carbon
black/kg process air), carbon black yield (kg carbon
black/kg feedstock), carbon black total yield (kg feed-
stock/kg precombustor fuel + kg feedstock) and carbon
black mass fraction (kg carbon black/kg total flow).
The equivalence ratio of the furnace is increased by
an increase in the feedstock hydrocarbon at a constant
air and fuel process. The increase in equivalence ratio
results in an increased carbon black production, yield,
total yield and mass fraction up to their respective
maxima. The maxima of the two yields occur at the
same equivalence ratio and differ from the equivalence
ratio at which the maxima of carbon black production
and mass fraction occur.

Figure 6 shows the results of a variation of
air/feedstock ratio on the measured production pa-
rameters of carbon black. As the air flow rate is
kept constant the variation in air/feedstock ratio is
due to the variation in feedstock flow rate. It is
seen that the maximum carbon black mass fraction
is reached. at a lower air/feedstock ratio than the
maximum carbon black yield. This result and the trend
of a variation of carbon black parameters in response
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jet with hot combustion products and the production
of solid carbon again from the entering methane jet
interacting with hot surroundings. Clearly, the use of
more inlets for the feedstock methane injection would
have improved flow and aerochemistry symmetry and,
undoubtedly production of carbon black. Experimental
conditions precluded this.

Figure 4 shows the calculated effect of feedstock
flow rate on soot, solid carbon and carbon black (the
summation of soot and solid carbon) at the outlet of
the furnace. It can be seen that for lower values of
feedstock, as the reactor temperature values are high
(see Figure 7), the values of C(s) are low because most
feedstock burns to CO (see Figure 9) and some of it
forms soot. For higher flow rates of feedstock (which
is a cold gas), higher values of C(s) are formed and,
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due to reduction of temperature, the formation of CO
and soot decreases (the soot model strongly depends
on temperature).

Figure 5 shows the influence of furnace equiv-
alence ratio on measured carbon black parameters,
namely, carbon black production (defined as kg carbon
black/kg process air), carbon black yield (kg carbon
black/kg feedstock), carbon black total yield (kg feed-
stock/kg precombustor fuel + kg feedstock) and carbon
black mass fraction (kg carbon black/kg total flow).
The equivalence ratio of the furnace is increased by
an increase in the feedstock hydrocarbon at a constant
air and fuel process. The increase in equivalence ratio
results in an increased carbon black production, yield,
total yield and mass fraction up to their respective
maxima. The maxima of the two yields occur at the
same equivalence ratio and differ from the equivalence
ratio at which the maxima of carbon black production
and mass fraction occur.

Figure 6 shows the results of a variation of
air/feedstock ratio on the measured production pa-
rameters of carbon black. As the air flow rate is
kept constant the variation in air/feedstock ratio is
due to the variation in feedstock flow rate. It is
seen that the maximum carbon black mass fraction
is reached. at a lower air/feedstock ratio than the
maximum carbon black yield. This result and the trend
of a variation of carbon black parameters in response
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to the variation of air/feedstock ratio, are similar to
the results obtained by Lockwood and Niekerk for oil
carbon black furnaces [1].

Figure 7 presents the comparison between pre-
dicted and measured reactor average temperatures for
various feedstock flow rates. The predicted results
are shown for two conditions: With and without
considering the radiation heat transfer. It can be
seen that all results show that an increase in feedstock
flow rate results in a decrease in reactor temperature.
This occurs because heat is required for both heating
up and decomposing the cold feedstock hydrocarbon.
It is seen that for lower feedstock flow rates, the
trend of a reduction in temperature is slow and this
occurs because some feedstock burns to CO, using
the amount of oxygen in the precombustor eflluent
(depending on the equivalence ratio) or by obtaining
it from oxygenated species like CO, and OH (see
Figure 11). The predicted results show that radiation
has reduced the precombustor effluent temperature
by about 10%. This occurs because considerable
soot is burned in the precombustor (see Figure 3).
The comparison between calculated and measured
temperatures reveals that the numerical results show
higher temperatures for the precombustor effluent
gases than the experimental results. The experi-
mental results show that the average temperature of
precombustor effluent gases is about 2000°K, which

¢ Exp
Pre (non-radiation)
""" Pre (radiation)

Reactor temperature (K)

Feedstock mass flow rate (1000 x kg/s)

Figure 7. Effect of feedstock flow rate and radiation
reactor temperature.
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seems about 10% lower than temperature levels used
in the liquid fuelled carbon black furnaces. This
can have an effect on carbon black production (see
Figure 8).

Figure 8 shows the comparison between pre-
dicted and measured carbon black and hydrogen mass
fractions for relatively low feedstock flow rates (as
mentioned before, due to some limitation for the
experimental tests, utilization of higher feedstock flow
rate was impossible). It can be seen that the predicted
mass fractions of H, are higher than the measured
values. This occurs because of higher feedstock de-
composition, due to a higher precombustor effluent
gas temperature. The predicted carbon black mass
fraction for very low feedstock flow rates is a little
lower than measured values. This happens because,
due to a higher calculated temperature, more carbon
is burned to CO (see Figure 9). For higher feedstock
flow rates, the predicted carbon black mass fraction
is somewhat higher than the experimental measure-
ments.

Figure 9 shows the comparison between predicted
and measured CO and CH4 mass fractions at the outlet
of the furnace. The experimental results show that
about 30% of feedstock hydrocarbon leaves the furnace
without any chemical change. This can be reduced by

2.57  wmi=—H2 (Pre)
—@— Carbon black (Pre)

a0l —h—H; (Exp)
% —&@—Carbon black (Exp)
pet
o
]
& 1.04
@
k]
= 0.57

0.0

0.0 0.5 1.0 1.5 2.0

Feedstock mass flow rate (1000 X kg/s)

Figure 8. Computed and measured carbon black and
hydrogen furnace output.

14+ —@=CO (Pre)

| == CHy4 (Pre)
—& CO (Exp)
-—~@- CHy4 (Exp)

———

0.0 0.5 1.0 1.5 2.0

104

Mass fraction (%)

Feedstock mass flow rate (1000 x kg/s)

Figure 9. Computed and measured CO and CH4 furnace
output.



creating higher temperatures in the precombustor and
probably improving the mixing process in the mixing
zone. It can be seen that the numerical technique
predicts lower mass fractions for CH, and higher values
for CO at the outlet of the furnace.

Figure 10 shows the comparison between pre-
dicted and measured carbon black yield and total yield
at the outlet of the furnace. It can be seen that the
results of the two methods are very close, especially for
lower feedstock flow rates. For higher feedstock mass
flow rates, the prediction method shows higher carbon
black production.

Figure 11 shows the predicted variations of CO,
CO, and H, mass fractions for different values of
feedstock flow rates at the outlet of the furnace.
It is seen that for low values of the feedstock flow
rate, the very hot precombustor effiluent causes the
feedstock to be burnt to CO (as mentioned above)
using the oxygen in the precombustor efluent and, by
reduction, CO5. For higher flow rates of cold feedstock,
the decomposition of natural gas reduces the reactor
temperature and, consequently, reduces the production
of CO and consumption of CO;. The variation of
H, mass fraction represents the variation of feedstock
decomposition.

18+ =—@=Total yield (Pre)
+  ——f=Yield (Pre)
14+ —@=— Total yield (Exp)
—g— Yield (Exp)

|
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toal yield (%)
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=

Carbon black yield and
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Feedstock mass flow rate {1000 x kg/s)

Figure 10. Computed and measured carbon black yield
and total yield.
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Figure 11. Effect of feedstock flow rate on calculated
CO, CO; and Hy mass fractions.

M. Moghiman

CONCLUSIONS

Comparison of experimentally measured parameters
from a natural gas fuelled, swirl stabilized, carbon
black reactor shows that a 3-D CFD technique, with
a PDF combustion and a two-step empirical model for
soot formation/oxidation, enables the main trends of
carbon black formation in the reactor to be modeled.
In detail, it is clear that improvements in the CFD
code can be made in prediction of hydrogen formation
across the whole load range. CO and CH4 formation
is best predicted at low feedstock mass flow rates.
Deviation at high flow rates, possibly more species and
a reaction in the chemical scheme could have improved
these predictions.

The known limitation of this model is the use of
equilibrium chemistry in the PDF model. However,
the results indicate that over much of the reactor such
an assumption is not too unreasonable, considering the
fairly restrictive nature of the chemical model used.

An important conclusion, reinforcing that of other
works in the field, is that the equivalence ratios at
which carbon black production and carbon black yield
occur differ. However, production of carbon black is
obtained at lower air/feedstock ratios than those for
highest yield. Clearly there is considerable scope for
optimizing the process using the derived experimental
results and the CFD code. For example, the use of more
inlets for the feedstock would clearly improve symmetry
and the production of carbon black. For this project,
however, these were limited on the experimental rig.
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