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Chapter 1: Introduction

In the industrial process with pyrolysis of hydrocarbon, coke on the wall in the tube often causes problems.
Inhibition of coke production is important because coke fouls the catalyst, and reduces heat transfer rate in
the tube. In this study, focusing on Polycyclic Aromatic Hydrocarbon (PAH), which is thought to be one of the
precursors, the reaction mechanism for precursors was investigated experimentally and theoretically. In
addition, two types of reaction model were constructed for hydrocarbon pyrolysis, and the hydrocarbon
concentrations near wall were investigated. One is the detailed kinetic mechanism, and the other is modeled

by some representative variables.

Chapter 2: Experimental investigation of formation mechanism of polycyclic aromatic hydrocarbon
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HACA, PAC, and MAC were detected at some level.

Chapter 3: Theoretical investigation of reaction rate of polycyclic aromatic hydrocarbon based on quantum chemistry
Both the stacking of PAHs and oligomer formation reactions from PAHs should cause soot nucleation. In the
previous study, the oligomer formation reaction was studied by the pyrolysis of feedstock which contains
benzene and a small amount of PAHs. Both the addition of pyrene or anthracene promoted soot formation
more than that of phenanthrene. This difference was suggested to be due to the difference of types of site on
PAHs because pyrene and anthracene do not have armchair site whereas phenanthrene has the one.
However, this discussion was speculation from experimental result, and it has never been studied
theoretically. In this study, the effect of the difference of site on the oligomer formation reaction was studied
by density functional calculation. By comparing the reaction rate constants calculated from transition state
theory, the reactions to the radical on armchair site is energetically-unfavorable, and the reaction rate
constants are similar in case the combination of site types is the same.

Next, the effect of addition reaction of CHs, CzHz or phenyl radical on the growth of PAHs is evaluated.
The reaction rate constants of elementary reaction are calculated by density functional theory and
transitional state theory. The effect of CHs addition was very limited compared to that of C2Hz or phenyl
radical. In addition, the CzHz addition reaction was faster than the phenyl addition reaction, and they

competed against each other for the consumption of radical of PAHs.

Chapter 4: Efficient algorithm on kinetic Monte Carlo simulation for methyl addition to aromatic hydrocarbon

In Chapter 3, the MAC mechanism suggested not to be important mechanism for growth of small molecular
weight PAH. In this chapter, the effect of the MAC on the growth of large molecular weight PAH was
investigated. Although the detailed kinetic mechanism is powerful tool to simulate vapor reaction, its weak
point is huge computational cost and considerable labor required for construction for large molecule or
molecule with branching like PAH with some sidechains. On the other hand, kinetic Monte Carlo (KMC)
simulation is relatively easy to construct. However, previous KMC models cannot overcome the problem of
computational cost for molecule with branching. In this chapter, a new algorism to solve this problem was

proposed, and it enabled to simulate the MAC reaction on PAHs.

Chapter 5: Construction of detailed kinetic mechanism and simplified mechanism
Detailed kinetic mechanisms are widely used as kinetic models for the reaction about aromatic hydrocarbons
and light aliphatic hydrocarbons. Especially, the detailed kinetic mechanism proposed by Wang et al. [3]

(KM2), which is one of the most highly accurate mechanisms for PAHs, is widely used for various
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simulations considering PAH formation. In contrast, few detailed kinetic mechanisms for heavier aliphatic
hydrocarbons were proposed. The number of species and elementary reactions of detailed kinetic
mechanisms exponentially increase with an increase of the number of carbon atoms in aliphatic hydrocarbon
molecule. Because of this, the detailed kinetic mechanism which can consider any hydrocarbons is not
realistic. Generally, the detailed kinetic mechanism constructed by rule-based mechanism generator is used
as the detailed kinetic mechanism for such an aliphatic hydrocarbon pyrolysis or combustion. Basically,
mechanism generator is based on group additive theory for reaction and thermodynamic property.

Even if constructing the detailed kinetic mechanism by rule-based mechanism generator as much as
needed, the mechanism should be too huge to keep CFD with the mechanism hard because of calculation
cost. In this chapter, mechanism reduction was also investigated. Importance of the method to determine
interaction coefficient to the directed relation graph with error propagation (DRGEP) method [4] is explored
by considering the pyrolysis reaction with time variation of temperature. In order to taking into account time
dependency of skeletal mechanism, interaction coefficients were determined using four different methods:
one commonly-used method and three alternative methods. The conventional method uses the overall
interaction coefficient (OIC) from direct interaction coefficient (DIC) determined by ratio of time averaged
production rate. Two of the three alternative methods use the OIC computed from DIC determined by
maximum value of ratio of production rate in each time, and the OIC computed from DIC determined by the
averaged value of ratio of production rate in each time, respectively. The other method considers OIC
computed from time-dependent direct interaction coefficient. Dijkstra’s algorithm is used for graph search
algorithm to generate skeletal mechanisms for detailed kinetic mechanism for prediction of PAH formation
during C2 pyrolysis [5]. The concentration of benzene by the reduced mechanism was compared with the
original mechanism. In the conventional method, the smallest skeletal mechanism with accuracy has 60
species. Trying further reduction of species using the conventional method, the important species near
chemical equilibrium were reduced. In contrast, the skeletal mechanisms constructed by the DRGEP with
new methods accurately predict the concentration with only 45 species. In addition, the logarithm of the error
was decreasing roughly in proportion to the number of species. The DRGEP and new methods are

suggested to be suited for skeletal mechanism of reduction with time variation of temperature.

Chapter 6: Chemical reaction model and turbulence model at coupled analysis with computational fluid dynamics

Correction of reaction rate for analytical Jacobian with preventing the harmful effect of negative value of
species concentration during time integration of detailed kinetic reaction with VODE was proposed. In the
case of reacting flow calculation with detailed kinetic reaction, the computational cost of the calculation is

increasing with increasing of the number of species considered. When using the implicit ordinary equation
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solver, VODE, the calculation of Jacobian is the bottleneck for computational cost. In this study, analytical
Jacobian was introduced to reduce whole the computational cost for computing reacting flow. Negative
values of concentration of chemical species prevent the calculation of analytical Jacobian because of the lack
of differentiability in reaction rate around zero of the concentration. The corrections of reaction rate with
cubic function enabled the evaluation of analytical Jacobian.

The technique to estimate the distance from wall based on Finite Volume Method (FVM) in
unstructured grid was also investigated to realize damping function near wall in LES simulation and low-Re
ke model. In addition, the recycle inflow boundary was also introduced to overcome large aspect ratio of
reaction tube. Several RANS (Reynolds-averaged Navier—Stokes) models were assessed for flow behavior in

reaction tube.

Chapter 7: The reaction rate model with Progress Variables of enthalpy, and species concentrations

Despite the effort of reducing of the detailed kinetic mechanism and acceleration of the time integration of
the reaction, the computational cost is still high. In this chapter, the novel approach to model the reaction
with enthalpy and species concentrations was proposed. The reaction property (for example, temperature
and species concentration) during pyrolysis is suggested to be representative with enthalpy and CsHa

concentration and other species concentration.

Chapter8: Effect of transport phenomena on distribution of species concentration in pyrolysis tube of olefin plant
The technique developed in Chapter 7 was applied to the simulation of pyrolysis reactor of olefin plant. The
species concentrations near wall were investigated. The thickness of boundary layer of PAHs near wall is

smaller with an increase in the molecular weight of PAHs.

Chapter9: Conclusion

The kinetic models for precursors of coke were constructed and some novel techniques to implement them in
CFD were developed. This thesis contributes to numerical simulation of reacting flow with hydrocarbon
reactions.
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