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Abstract

In the present work, the pyrolysis of acetylene was studied under the conditions
of vacuum carburizing of steel in a tubular flow reactor. The pyrolysis temperature
ranges from 650 °C to 1050 °C . The partial pressure of acetylene in the feed mixture
was 10 mbar and 20 mbar respectively while the rest of the mixture consisted of
nitrogen. The total pressure of the mixture was 1.6 bar. A kinetic mechanism which
consists of 7 species and 9 reactions has been used in the commercial CFD code
Fluent. Species transport and reaction model of Fluent was used in the simulations.
The comparison of simulations and experimental results is presented in this paper.
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1 Introduction

Amongst the many applications of acetylene, carburizing of steel is upcoming.
The pyrolysis of acetylene has been studied by many researchers under various
conditions depending upon its application considered. Detailed kinetic mech-
anisms proposed in literature consist of hundreds of species and reactions.
Typically, these investigations include shock tube pyrolysis of acetylene[1-12]
and pyrolysis in flow systems[13-15]. The deposition of pyrolytic carbon from
various hydrocarbons has also been described by some researchers[16-20]. Al-
though the detailed kinetic mechanisms are considered to be more accurate
and reliable, their use is mostly limited to ideal flow models. Use of such de-
tailed kinetic mechanisms is not easy with transport models in CFD codes
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with present computational hardware and algorithms. However CFD codes
normally implement Navier-Stokes equations to model transport and are used
for modeling flow field even when the geometry is complex. Operational kinetic
mechanisms or reduced versions of detailed mechanisms can be used with CFD
codes for modeling the reacting flow. The vacuum carburizing with acetylene
involves the pyrolysis of acetylene under very low pressure which produces
solid carbon along with other hydrocarbon gases making the flow field more
complex. Diffusion of carbon into the surface of steel takes place which is
continued until the desired carbon content and case depth is achieved. In the
present work, the pyrolysis of acetylene was studied under the conditions of
vacuum carburizing of steel.

2 Results and Discussions

The measured products of pyrolysis which include solid carbon, CHy, C5H,
CyHy, CyHy, CgHg have been reported as percentage of input feed carbon con-
tent at different temperatures. The experimental results are compared with
the simulation results of Fluent version 6.2. The amount of hydrogen was cal-
culated by material balance and is also compared with the simulation results.
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Fig. 1. Temperature profile at a controller temperature T, of 900 °C



Fig. 2. Contours of mole fraction of CoHs at 900 °C and 20 mbar partial pressure
of acetylene

Fig. 3. Contours of mole fraction of C(,) at 900 °C and 20 mbar partial pressure of
acetylene
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Fig. 4. Comparison of simulated vs experimental results at 10 mbar acetylene partial
pressure

Fig. 2 and Fig. 3 represent two of the typical contours of mole fractions ob-
tained from simulations for two important species CoH; and C,) at 900 °C
and 20 mbar partial pressure of acetylene. Fig. 4 shows the comparison of ex-
perimental and simulation results for acetylene at 10 mbar partial pressure for
a controller temperature variation of 650 °C to 1050 °C. The carbon content
carried by unconverted acetylene in the mixture decreases from 99 % at 650
°C to 75 % at 1050 °C for 20 mbar representing a conversion of 25 % of acety-
lene to other products at the outlet as shown in Fig. 5. The second major and
important component carrying carbon among the pyrolysis products is the
solid carbon for which results are shown for 10 mbar as well as for 20 mbar
partial pressure of acetylene. The percentage of solid carbon increases with an
increase in temperature. The formation of CyH,; and CgHg increases up to a
temperature of 900 °C and then gradually decreases at higher temperatures.
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CH, and C5H, are also formed but the carbon content in these compounds is
less than 1 % under these experimental conditions.

3 Reaction Mechanism and CFD Model

The reaction mechanism shown in table 1 consists of 7 species which are the
major products of acetylene pyrolysis under the vacuum carburizing condi-
tions of steel. These include solid carbon C(,) and hydrocarbons consisting of
CHy,CyHy, CyHy, CyHy, CgHg along with H,. The overall mechanism consists
of 9 reactions. The estimated Arrhenius parameters, activation energies and
proposed reaction rates are also shown in the table 1. A 2-D grid consisting
of 300 x 20 cells has been used to represent a reactor length of 500 mm with
diameter of 20 mm. The species transport and reaction model in Fluent was
used for modeling the chemistry. The mechanism discussed above was im-
plemented through a user defined function (UDF) in Fluent. The operating
pressure was set equal to 1.6 bar while inlet temperature and velocity bound-
ary conditions were used according to the experimental measurements. As the



Table 1
Proposed reaction mechanism of acetylene pyrolysis

rate constant k; = A;e~Fi/RT
Nr | Reaction Rate Expression A;(mol, m?,s) | E;(kJ/mol)
1 | CoHy + Hy — CyHy 1= k1.C0yHy Y20 4.4 - 103 103.0
2 | CoHy — CoHo+ Hy | 1o = ko.cldy, 3.8 - 107 200.0
3 | CyHy+3Hy — 2CHy | 13 = k3.c?y, .32 1.4 - 10° 150.0
4 | 2CHy — CoHy +3Hy | 14 = ka.cli], 8.6 - 10° 195.0
1.9
5 | CoM — 201+ Hy | s = b o2l 5.5 - 106 165.0
6 | CyHa+ CoHy — CyHy | 16 = ke.cily, 1.2 - 10° 120.7
7 | C4Hy — CyHa + CoHy | 17 = kr.c3y, 1.0 - 10 335.2
8 CyHy+ CoHy — CgHg | 18 = kS'CIC.’;)Hg'C%SHAL 1.8 - 103 64.5
0.75
9 | CoHg — 6C( +3Hy | 1 = ko1 5500 1.0 - 10° 75.0

reactor is not operated under isothermal conditions, a temperature profile was
necessary to model the temperature field. A mathematical fit in the form of a
polynomial shown in equation (1) below was used for the temperature profile
in the simulations.

T(x)=(a-2*+b-2+c) T.+d-2°+e- o+ f (1)

T(x) represents the temperature as a function of the position x in relation
to the reactor length. T, represents controller temperature. This tempera-
ture profile was also implemented through a user defined function (UDF) and
compiled before loading into Fluent using the default procedures in Fluent.
A typical temperature profile implemented in Fluent is shown in Fig. 1. The
solution was converged to species residuals of 107% or less so that there was
no further variation of these residuals. The convergence was fast and achieved
in less than 500 iterations.

4 Experimental

A ceramic reactor with an inner diameter of 20 mm, outer diameter of 25 mm
and a length of 600 mm was used in the present investigations. At the outlet of
the reactor is a ceramic filter which can separate entrained solid carbon from
the gas stream. The products of pyrolysis in the gas phase were measured by
gas chromatography. The temperature profile was measured at the center of
the reactor in an interior ceramic pipe with an outer diameter of 6 mm.
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Conclusion

Acetylene pyrolysis has been modeled by using simplified chemistry with a
transport model under the particular conditions of the industrial process of
vacuum carburizing of steel. Comparison of simulated and experimental results
show satisfactory agreement under technical operating conditions. Further in-
vestigations for complex geometries are necessary to prove the validity of the
model for the application as a prediction tool to control the carburizing process
in commercial plants.
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