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A B S T R A C T

The thermal decomposition of methane represents a significant pathway for producing high-purity hydrogen. 
Aerosol flow reactors, particularly when coupled with concentrated solar energy, are considered highly suitable 
for this thermochemical process. This study presents a comprehensive Computational Fluid Dynamics (CFD) 
model of methane decomposition within an aerosol flow reactor. The model integrates coupled phenomena, 
including gas flow dynamics, chemical reaction mechanisms, radiative and convective heat transfer, and a 
discrete phase model for carbon particles. The development of a generalized, predictive model is crucial for 
reactor optimization, and CFD modeling offers rapid prediction capabilities. Consequently, this work validates a 
novel CFD model against previously published experimental and theoretical data from an Aerosol Quartz Flow 
Reactor (AFR). The model computes methane decomposition rates and the spatial dispersion of components (H2, 
C, CH4) under various feeding rates and temperature profiles.

1. Introduction

Hydrogen is increasingly recognized as a cornerstone of future en
ergy systems due to its high energy density, clean combustion profile, 
and versatility in both stationary and mobile applications. Among the 
various production pathways, methane decomposition has attracted 
significant attention because methane possesses the highest hydrogen 
density of all gaseous fuels. In addition to hydrogen, the process yields 
solid carbon, which can be obtained in pure form and utilized in in
dustrial applications such as pigments, reinforcing agents, and advanced 
carbon materials. Unlike conventional reforming methods that require 
additional reactants such as steam or carbon dioxide, methane decom
position is a direct process involving only methane, thereby simplifying 
the reaction mechanism and facilitating high-purity hydrogen 
production.

The integration of solar energy into methane decomposition pro
cesses offers a promising route for sustainable hydrogen generation. 
Thermochemical conversion enables the direct storage of solar energy in 
chemical bonds, thereby coupling renewable energy utilization with 
hydrogen production. Aerosol reactors, in particular, have emerged as 
strong candidates for solar-driven methane decomposition because they 

allow direct absorption of concentrated solar radiation by both the gas 
phase and suspended carbon particles. This design leads to high heat 
transfer rates and efficient reaction kinetics, while the quartz tubular 
configuration ensures durability and optical transparency.

The aim of our study is to investigate the methane decomposition 
reaction process, emphasizing heat and mass transfer events; to evaluate 
the aerosol reactor concept for high-temperature decomposition; to 
assess the applicability of these tube reactors in methane decomposition; 
to identify critical parameters affecting reactor performance, including 
radiation-convection heat transfer mechanisms and chemical conversion 
kinetics; and to contribute, particularly regarding the suitability of these 
reactors for large-scale hydrogen production.

While previous CFD studies of methane pyrolysis have advanced 
understanding of reactor thermodynamics and kinetics, they generally 
lack the ability to simultaneously resolve radiative transfer, multiphase 
transport, and carbon particle evolution. Such simplifications limit 
predictive accuracy under solar driven conditions, where radia
tion–particle interactions strongly influence reactor performance. The 
present study introduces a CFD framework that explicitly couples radi
ative heat transfer, heterogeneous reaction pathways, and dynamic 
carbon particle behavior. This integrated approach enables more 
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realistic simulation of solar driven methane pyrolysis and provides new 
insights into reactor design and optimization beyond the capabilities of 
existing models.

2. Literature review

Extensive research has been conducted to understand methane 
decomposition mechanisms, catalyst stability, and reactor performance. 
Snoeck investigated Ni catalysts both experimentally and theoretically, 
highlighting kinetic aspects of methane decomposition [3]. These 
studies underscore the importance of catalyst stability and activity in 
sustaining long-term hydrogen production.

Such modeling approaches are crucial for predicting reactor perfor
mance and optimizing design. Matowich conducted experimental 
studies on methane decomposition in aerosol reactors [5], while Wiemer 
and co-workers extended this work by integrating concentrated solar 
energy, developing mathematical models to explain kinetic parameters, 
and testing solar reactor prototypes [1,2].

Deutschmann applied computational fluid dynamics (CFD) to partial 
methane oxidation, developing two- and three-dimensional models 
relevant to decomposition processes [4].

Hirsch examined solar hydrogen production using a 5 kW vortex- 
flow reactor, reporting a maximum methane conversion of 67% at 
1600 K and 1 bar [6].

Trommer investigated kinetic mechanisms of thermal decomposition 
via direct irradiation of carbon-laden vortex flows, reporting activation 
energies between 147 and 162 kJ/mol and frequency factors in the 
range of 1.07 × 106–7.54 × 106 s− 1 [7].

Stephane designed and tested a high-temperature solar chemical 
reactor, performing both theoretical and experimental evaluations of 
methane splitting [8].

Mianowski, A. et al. have conducted a detailed literature review 
examining the state of knowledge on methane pyrolysis, examining 
whether the process can be considered an elementary reaction, and 
determining the extent to which thermodynamic and kinetic models 
reflect micro- and macroscale behavior. This study bridges the gap be
tween phenomenological thermodynamics and kinetic modeling, 
emphasizing that methane pyrolysis cannot be fully represented by a 
single, universal model. Furthermore, they identified research gaps in 
the link between micro-scale radical mechanisms and macro-scale 
reactor performance [9].

In their review, Moghaddam, AL. et al. emphasize that methane 
pyrolysis is a critical methodology for "turquoise hydrogen," but they 
emphasize that integrated models integrating radical chemistry, catalyst 
transformations, and reactor-scale engineering analyses are still lacking 
in this field. They note that the integration of microscale radical 
mechanisms with macroscale reactor performance is not yet complete 
[10].

While these studies provide valuable insights, most existing CFD 
models of aerosol reactors remain limited in scope. One dimensional 
energy balance models, although computationally efficient, cannot 
resolve radial temperature gradients, localized hot spots, or particle 
migration across the reactor cross section. Many prior models also 
neglect thermophoretic forces, which are critical for predicting particle 
drift and deposition patterns in high temperature flows. Furthermore, 
radiation is often treated simplistically, with uniform absorption as
sumptions that ignore wavelength dependence and scattering effects. 
These simplifications restrict predictive accuracy, particularly under 
solar driven conditions where radiative transfer dominates heat trans
port. In addition, earlier models rarely integrate multiphase particle 
tracking with radiation transport, limiting their ability to capture the 
coupled dynamics of gas flow, particle motion, and radiative heating.

In contrast, the present study employs a two dimensional Discrete 
Phase Model (DPM) coupled with the Discrete Ordinates (DO) radiation 
method, which overcomes these deficiencies. The 2D framework re
solves both axial and radial gradients, enabling accurate prediction of 

temperature fields and conversion zones. The DPM explicitly tracks 
particle trajectories, incorporating drag, lift, and thermophoretic forces, 
thereby reproducing experimentally observed ring-shaped particle 
concentrations. The DO radiation model accounts for absorption, 
emission, and scattering of carbon particles, with wavelength dependent 
optical properties, ensuring realistic representation of radiative heat 
transfer. By solving radiation, convection, chemical kinetics, and parti
cle dynamics simultaneously, this integrated approach provides a more 
comprehensive and predictive description of aerosol reactor physics 
than prior 1D or simplified CFD models.

Previous CFD studies of aerosol reactors have provided valuable in
sights, but most rely on one dimensional approximations that cannot 
resolve radial temperature gradients or particle migration. Such sim
plifications neglect thermophoretic forces and often treat radiation as 
uniform absorption. These limitations restrict predictive accuracy under 
solar driven conditions. In contrast, the present study employs a two 
dimensional Discrete Phase Model (DPM) coupled with the Discrete 
Ordinates (DO) radiation method, enabling resolution of radial gradi
ents, incorporation of thermophoretic effects, and explicit modeling of 
radiation–particle interactions. This integrated framework provides a 
more realistic representation of aerosol reactor physics than prior 1D or 
simplified CFD approaches.

The efficiency of methane decomposition is governed by coupled 
heat and mass transfer phenomena. Radiation and convection are the 
primary modes of heat transfer, while chemical conversion kinetics 
determine the rate and extent of hydrogen formation. These aspects are 
particularly critical in solar-driven systems, where concentrated radia
tion must be effectively absorbed and converted into chemical energy.

Several solar-assisted methods have been explored for hydrogen 
production and solar energy storage, including steam reforming, CO2 
reforming, and hydrocarbon cracking. Among these, the aerosol reactor 
has emerged as a strong candidate for methane decomposition. Its quartz 
tubular design enables direct absorption of solar radiation by both the 
gas phase and suspended carbon particles, resulting in high heat transfer 
rates. The process yields hydrogen of high purity, with relatively 
straightforward purification requirements, making quartz-based aerosol 
reactors a rational choice for solar-driven methane splitting.

Building on these insights and addressing the identified limitations, 
the present study develops a two dimensional CFD framework that in
tegrates chemical kinetics, multiphase particle dynamics, and radiative 
heat transfer, as detailed in following section.

3. Approach and methodology

This study is primarily focused on the development of.a compre
hensive understanding of the methane decomposition mechanism by 
examining the influence of several critical parameters, including 
chemical reaction kinetics, radiation heat transfer, and multiphase flow 
involving discrete particles. The analysis focuses on a two-dimensional 
reactor configuration to demonstrate how these parameters interact 
and affect system performance.

Previous investigations, such as those conducted by Dahl [1], 
employed one-dimensional energy balance equations to provide pre
liminary insights. While such approaches offer rapid guidance for en
gineers, they do not adequately capture the spatial distribution of 
parameters across the reactor cross-section. For design engineers, this 
distribution is essential to evaluate localized effects and ensure reliable 
reactor operation. Moreover, maintaining mathematical consistency in 
solution data presents a significant challenge when multiple coupled 
phenomena are considered simultaneously. To address these difficulties, 
finite element methods are adopted, as they enable the simultaneous 
resolution of numerous parameters and facilitate the generation of 
mathematically integrated solutions.

Hydrogen production using solar energy in aerosol reactors repre
sents an attractive pathway due to its simplicity, direct utilization of 
solar radiation, and ease of processing. In this context, methane 
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decomposition within aerosol reactors is characterized as a heteroge
neous chemical reaction. The reacting fluid flow involves complex in
teractions among gas-phase chemistry, discrete particle motion, and 
radiation transport. Recent progress in computational resources the 
refinement of advanced computational algorithms and the accessibility. 
of detailed elementary reaction mechanisms have significantly 
enhanced the ability to model such systems. Nevertheless, the governing 
equations remain highly stiff because of the wide range of time scales 
introduced by chemical kinetics.

To reduce computational complexity, slightly simplified models are 
often used in simulations. However, these simplifying assumptions can 
present problems in situations where there are strong interactions be
tween flow dynamics, discrete phase behavior, radiation transfer, and 
chemical reactions. When excessive simplifications are made, the ac
curacy and reliability of the results may be insufficient. To overcome 
these problems with simplifying assumptions, the simulations in our 
study were designed to include more detailed chemical reaction mech
anisms. Furthermore, simulations were performed using FLUENT, a 
commercial computational fluid dynamics (CFD) software, combined 
with developed external subroutines [19]. This integrated approach 
allows for a more rigorous representation of the methane decomposition 
process, capturing the complex interplay of physical and chemical 
phenomena within the reactor environment.

4. Methane decomposition

Extensive and detailed researches have been conducted to under
stand the reaction mechanisms underlying the thermal dissociation of 
hydrocarbons, particularly natural gas, propane, ethylene, and methane. 
Among these studies, hydrogen production from methane (CH4) has 
attracted considerable attention due to its great potential. Steinberg has 
extensively investigated the thermal decomposition of methane for 
hydrogen production and is considered one of the leading researchers in 
this field [12]. The fundamental chemical methodology here is the 
decomposition of methane into hydrogen (H2) and solid carbon (C) in 
the form of carbon black. Methane (CH4) decomposes into carbon (C) 
black and hydrogen according to the following chemical reactions at 
different temperatures: 

CH4 → C + 2H2 ΔH 298 K = 74.9 kJ/mol                                       (1a)

CH4 → C + 2H2 ΔH 1000 K = 89,8 kJ/gmol                                   (1b)

Methane cracking is an endothermic process that requires elevated 
temperatures[16]. According to thermodynamic principles, methane 
begins to decompose into solid carbon and hydrogen gas once the 
temperature exceeds 300 ◦C, even in the absence of a catalyst[17]. In 
practice, however, achieving significant conversion without a catalyst is 
difficult below 1200 ◦C, due to kinetic limitations and the high activa
tion energy needed to break the strong C–H bonds in methane [21]. 
Reported activation energies for non-catalytic methane decomposition 
vary across studies: Rodat et al. [22] measured 370 kJ/mol, while Keipi 
et al. [23] reported 422 kJ/mol. Other authors have placed the values 
within the range of 356–452 kJ/mol [24–27].

For non-catalytic thermal decomposition at high temperatures 
(typically >1200 ◦C), the reaction is generally accepted to be first-order 
in methane concentration. This is supported by numerous fundamental 
studies using shock tubes, flow reactors, and modeling work where the 
rate law is expressed as: 

r= k⋅[CH4] (2a) 

where r is the reaction rate and k is the rate constant following the 
Arrhenius equation. Our model the reaction using Arrhenius-based, 
finite-rate chemistry. Although the reaction order is not explicitly 
stated in the studies, their use of a single-reactant, basic reaction 
mechanism (CH4 → products) implies a first-order reaction. The rate 

expression typically used in our CFD models is as follows: 

RCH4 =A exp (− Ea /RT)[CH4]
n (2b) 

where n = 1 for first-order kinetics.
Muradov [13,14] and Kim [11] in catalytic decomposition over 

carbon materials often apply first-order or Langmuir-Hinshelwood 
models that simplify to first-order at low methane pressures. Trommer 
et al. [7] and Rodat et al. [22] who studied solar-driven decomposition, 
also used first-order global kinetics for modeling. For the specific nu
merical study presented in the manuscript, the methane cracking reac
tion is effectively treated as first-order with respect to methane 
concentration[18]. This is the standard approach in CFD models of 
tubular aerosol/reactor systems for simplifying computations while 
retaining accuracy.

The earliest theoretical and experimental investigations of methane 
decomposition were carried out by Cantelo in 1927. His work estab
lished that the onset of decomposition occurs at approximately 400 ◦C, 
with complete decomposition achieved at 1500 ◦C [20]. Subsequent 
studies have refined the understanding of kinetic parameters. For 
example, Holmen reported an activation energy of 370 kJ/mol within 
the temperature range of 1770K–2270K [11]. Tessner determined that 
the activation energy required for the nucleation of carbon particles 
during methane decomposition (316.8 kJ/mol) exceeds that associated 
with the growth of carbon crystallites [22]. Shock tube reactor studies 
have further reported activation energies in the range of 356–402 
kJ/mol at temperatures between 2000K–3000K. Steinberg, in contrast, 
reported a significantly lower activation energy of 131 kJ/mol under 
conditions of 973–1173K and pressures of 28–56atm [1].

Previous studies have reported a wide range of activation energies 
for methane decomposition, reflecting differences in reactor type, 
operating conditions, and catalyst morphology. Shock tube experiments 
at 2000K–3000K yielded values between 356 and 402 kJ/mol, while 
Holmen reported 370 kJ/mol in a cylindrical reactor at 1770K–2270K. 
In contrast, Steinberg observed a significantly lower value of 131 kJ/mol 
under high pressure tubular flow conditions (973K–1173K). More recent 
catalytic studies demonstrate that carbon surfaces substantially reduce 
the energy barrier. Muradov reported activation energies of 236 kJ/mol 
for black carbon catalysts (1023–1223 K) and 201 kJ/mol for activated 
carbon catalysts (873–1173 K), while Kim found similar values (~200 
kJ/mol) for activated carbons. These results highlight that carbon acts as 
both a catalyst and a product, providing active sites that stabilize radical 
intermediates and facilitate decomposition.

In the present work, the activation energy range of 200–211 kJ/mol 
was obtained by regression fitting of experimental conversion data from 
Muradov, Kim, and related studies, ensuring consistency with carbon 
catalyzed pathways rather than purely thermal decomposition. A 
sensitivity analysis was performed by varying the activation energy 
±10% around the fitted values. The results showed that methane con
version changed by less than 7% across the studied temperature range, 
confirming that the CFD predictions are robust to small variations in 
kinetic parameters. This analysis supports the reliability of the chosen 
activation energy range and its suitability for modeling carbon assisted 
methane decomposition in aerosol reactors.

In addition to thermal studies, considerable effort has been devoted 
to examining the role of catalysts in methane decomposition. Muradov 
and his collaborators have investigated carbon-based catalysis, devel
oping a model that describes the influence of various carbon catalysts 
and dimensional parameters on methane decomposition within fluid
ized bed reactors, supported by experimental data [13,14]. Wiemer and 
colleagues have also contributed to this area, focusing on solar-driven 
processes. Dahl and co-workers studied methane decomposition in 
solar aerosol reactors, proposing a mathematical model to describe the 
reaction mechanism [1]. Their subsequent work explored the feasibility 
of aerosol reactors for pilot-scale applications [2].

Building upon these foundations, the present study develops a two- 
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dimensional numerical model to describe methane decomposition in an 
aerosol quartz reactor, similar to that employed by Matowich. The 
model integrates transport equations, energy balance, chemical kinetics, 
discrete phase flow, and radiative energy transfer, thereby providing a 
comprehensive representation of the process. By employing validated 
kinetic and process parameters, the model captures the complex trans
port phenomena and reaction mechanisms that govern methane 
decomposition in solar-driven aerosol reactors.

5. Reactor model

In the present study, an aerosol reactor was employed with di
mensions identical to those used in the experiments conducted by 
Matowich, thereby enabling direct comparison and validation of results 
against prior work. The reactor has a total length of 0.914 m and an 
internal diameter of 0.076 m, as illustrated in Figs. 1 and 2. Methane was 
introduced at the top of the reactor at five different feed rates. To 
enhance the decomposition reaction, carbon particles were co-fed with 
methane. The dissociation rate of CH4 was determined by measuring the 
thermal conductivity of the effluent gas after the removal of carbon 
black particles from the sample stream [1,2].

A radial flow of hydrogen (H2) was maintained at a constant rate of 
0.094 mol/s through a porous reaction tube. This configuration pro
vided a protective fluid-wall that prevented carbon black deposition on 
the reactor walls. The carbon feed rate was fixed at 1.2 g/s for all 
operating conditions. The carbon particles had a surface area of 3.14 ×
10− 8 m2 and an emissivity value of 0.93. The reactor wall temperature 
was varied between 1533 K and 2144 K across different experimental 
runs. The residence time of methane within the reactor was controlled 
by three parameters: the inlet methane flow rate, the radial hydrogen 
flow rate, and the reactor wall temperature. These operating conditions 
collectively governed the extent of methane decomposition and 
hydrogen production. The specific wall temperatures and methane feed 
rates applied in the experiments are summarized in Table_1 [5] (see 
Table 2).

6. Numerical methodology and computational framework

The numerical model developed in this study is based on computa
tional fluid dynamics (CFD) solutions, designed to integrate the funda
mental mechanisms of methane decomposition and to illustrate the 
spatial distribution of chemical conversion within the reactor in two 
dimensions. The aerosol reactor model used in this study is inherently a 
three-dimensional axially symmetric system. However, to balance 
computational efficiency with physical accuracy, a two-dimensional 
axially symmetric CFD model was chosen. The reactor geometry is cy
lindrical, and the boundary conditions (methane feed, radial hydrogen 
injection, wall heating) are symmetric around the central axis. Under 
these conditions, the dominant transport events—laminar flow, radia
tive heat transfer, and particle migration—are primarily governed by 
axial and radial gradients, which can be adequately represented in a 2D 
axially symmetric framework. This approach has been widely adopted in 
CFD studies of tubular reactors because it captures the fundamental 
physics while significantly reducing computational cost compared to full 

3D simulations. However, the primary focus of this study is the com
bined dynamics of radiation, convection, and chemical kinetics domi
nated by axial and radial gradients.

Therefore, the 2-dimensional axially symmetric model provides a 
sufficiently accurate representation of reactor physics for the scope of 
this study.

Previous investigations in this field have primarily relied on exper
imental approaches or simplified one-dimensional numerical analyses, 
which limited the ability to capture the complex interactions occurring 
across the reactor cross-section.

To overcome these limitations, the present model incorporates the 
appropriate governing equations, including conservation of energy, 
mass, and momentum, as well as species transport equations. In addi
tion, boundary conditions were defined to account for radiation heat 
transfer, molecular diffusion, and particulate motion, thereby ensuring a 
comprehensive representation of the physical and chemical processes 
within the aerosol reactor.

The decomposition of methane involves multiple coupled phenom
ena, including chemical reactions, mass transfer, heat transfer, discrete 
phase effects, thermophoresis, and particle lift forces (Fig. 2). Accurate 
definition of the chemical conversion mechanism is particularly critical, 
as it requires the integration of complex governing equations and pre
sents significant modeling challenges.

The flow within the reactor is characterized as a two-phase system, 
consisting of continuous methane gas and dispersed solid carbon parti
cles. Carbon particles are introduced at the reactor inlet together with 
methane, and additional particles are generated in situ as a result of the 
decomposition reaction. To capture these dynamics, a discrete phase 
flow model was employed to describe the transport and interaction of 
carbon particles, methane, and hydrogen gases along the reactor length.

Furthermore, thermophoretic forces and lift effects were incorpo
rated into the numerical framework to account for particle migration 
and distribution within the flow field. These additions enhance the ac
curacy of the model by reflecting the physical phenomena that influence 
particle behavior during methane decomposition in solar-driven aerosol 
reactors.

The ANSYS_FLUENT commercial package was employed to execute 
the computational fluid dynamics (CFD) simulations presented in this 
study. This code is widely recognized and extensively validated, making 
it a reliable tool for the formulation and solution of fluid flow problems. 
Its versatility allows for the straightforward implementation of complex 
flow configurations and the integration of chemical reaction mecha
nisms into the computational framework.

The simulations were based on the fundamental conservation and 
balance equations that govern laminar finite-rate flow fields. Specif
ically, the governing equations employed are of the Navier–Stokes type, 
which describe the conservation of mass, momentum, and energy for 
laminar and mixed flow regimes.

The Reynolds number (Re) was calculated to verify the assumption of 
laminar flow in the aerosol reactor. The general expression is: 

Re=(ρ⋅u⋅D)/μ                                                                                (3)

where:
ρ = gas density (kg/m3)

Fig. 1. Schematic representation of aerosol flow reactor.
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u = average gas velocity (m/s)
D = reactor diameter (m)
μ = dynamic viscosity of methane (Pa⋅s)
For the reactor dimensions used in this study (D = 0.076″ m"), 

methane feed rates of 0.304–1.52 g/s correspond to average velocities in 
the range of 0.15–0.75 m/s. Assuming a gas density of 0.25 kg/m3 at 
2000 K and a viscosity of 3.5 × 10− 5 Pa s, the Reynolds numbers were 
calculated as follows.

These values remain below the typical transition threshold of Re ≈
2300 for tubular reactors, confirming that laminar flow assumptions are 
valid under the studied operating conditions (see Table 2)

However, local turbulence can occur at high temperatures and 
higher flow rates, particularly in areas with strong particle-radiation 
interactions. Specifically, turbulence can accelerate methane conver
sion by enhancing convective heat transfer and species mixing. While 
the laminar assumption remains a reasonable approach for the current 
reactor configuration, it may be appropriate for future studies to 
incorporate turbulence models (e.g., RANS or LES) into the CFD 
framework to further validate prediction accuracy under solar-powered 
conditions.

The numerical model developed in this work has proven to be highly 
effective in defining the relevant process parameters and chemical ki
netics associated with methane decomposition. By solving the governing 
equations within the FLUENT 6.0.12 environment, the model enables 
detailed analysis of flow behavior, reaction rates, and conversion dis
tributions. These equations provide the mathematical foundation for 
capturing the coupled phenomena of fluid dynamics and chemical ki
netics within the reactor environment. This integrated approach facili
tates a deeper understanding of the decomposition process and supports 
the optimization of reactor design and operating conditions.

The governing equations applied in the simulations are presented in 
the following section, providing the mathematical basis for the CFD 

model and ensuring transparency in the methodology adopted [9].

6.1. Mathematical formulation and governing equations

The governing equations applied in this study are formulated for 
laminar flow fields within the aerosol reactor tube. These equations 
include the momentum equations incorporating the stress tensor, the 
continuity equation and the energy equation. The energy equation can 
be formulated in terms of the total energy (E), which is defined as the 
sum of internal energy and kinetic energy. The sensible enthalpy (h) is 
referenced to a standard temperature of 298.15 K, ensuring consistency 
in thermodynamic calculations.

The computational model for the laminar fields of flow in the aerosol 
reactor tube can be expresed on the following set of governing 
equations:

The conservation of mass is expressed as 

∂ρ
∂t

+
∂

∂xi
(ρui)= Sm (6) 

Momentum conservation is described by the Navier–Stokes equa
tions as follows: 

∂
∂t
(ρui)+

∂
∂xj

(
ρuiuj

)
= −

∂p
∂xi

+
∂τij

∂xj
+ ρgi + Fi (7) 

where the strees tensor at momentum equation is described as: 

τij =

[

μ
(

∂ui

∂xj
+

∂uj

∂xi

)]

−
2
3

μ ∂ul

∂xl
δij (8) 

The energy equation accounts for conduction, convection, radiation, 
and chemical reaction heat effects can be formulated as follows 

∂
∂t
(ρE)+

∂
∂xi

(ui(ρE+ p))=
∂

∂xi

(

keff
∂T
∂xi

−
∑

j
hjı Jjı + uj

(
τij
)

eff

)

+ Sh (9) 

where total energy E can be formulated as follows: 

E= h −
p
ρ +

u2
i

2
(10) 

Energy Source term, Sh in Eq. (4) includes the energy source due to 
chemical reaction: 

Sh,ıxn = −
∑

j

⎛

⎜
⎝

h0
j

Mj
+

∫T

Tref ,j

cp,jdT

⎞

⎟
⎠Rj (4) 

Where Rj is the mass of the species of reactants and products and h0
j is 

enthalpy formation of species j.
Sensible enthalpy h at those equations can be formulated as 

h=
∑

j
mjhj (5a) 

and also elements of enthalpy can be ahown as: 

Fig. 2. Numerical model representation of aerosol flow reactor.

Table 1 
Obtained equilibrium conversion of methane by Matowich [1,5].

T (K) 1533 1644 1755 1866 1955 2144

MCH4 (gr/s) ​
0,304 0,86 0,94 0,915 0,94 0,97 1
0,608 0,74 0,79 0,83 0,88 0,94 1
0,912 0,66 0,72 0,78 0,845 0,925 1
1216 0,6 0,68 0,745 0,82 0,91 1
1,52 0,54 0,63 0,705 0,79 0,895 1

Table 2 
Reynolds numbers with respect to Methane Feed Rate.

Methane Feed Rate (g/s) Velocity (m/s) Reynolds Number

0.304 0.15 360
0.608 0.30 720
0.912 0.45 1080
1.216 0.60 1440
1.520 0.75 1800
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hj =

∫T

Tref

cpjdT (5b) 

where Tref is 298.15K.
Enthalpy transport resulting from species diffusion is accounted for 

in both the continuity and energy equations. as this following term is a 
requisite component of the energy equation: 

∇.

(
∑

j
hj J→j

)

(11) 

The conservation equations for chemical species are resolved to 
determine the local mass fraction of each species, ρmi via the 
convection-diffusion equation for the ith species. The term Ri represents 
the net mass rate of production or consumption of species i resulting 
from chemical reactions, while Si denotes the additional source term 
defined below. 

∂
∂t
(ρmi)+

∂
∂xi

(ρuimi)= −
∂

∂xi
Ji +Ri + Si (12) 

This source term accounts for hydrogen diffusion originating from 
the wall boundaries, as well as species production driven by decompo
sition reaction kinetics.

6.2. Source terms definition

The model resolves species transport by considering mass diffusion 
among the mixture components and the net volumetric rate of species 
production/consumption due to chemical reactions occurring 
throughout the tube reactor. Hydrogen is injected via a constant mass 
flux applied uniformly across the entire tube wall surface. The purpose 
of this injection is explicitly to inhibit particle deposition. The precise 
definitions of the mass diffusion and species conversion terms are 
detailed in the subsequent sections.

6.2.1. Mass diffusion in laminar flows
In the formulation of the species transport equations, the term Ji 

denotes the diffusion flux associated with species (i). This flux originates 
from concentration gradients within the mixture and represents the net 
movement of species driven by molecular diffusion. In the default 
treatment adopted by Fluent, the dilute approximation is applied. This 
approximation is particularly effective for multicomponent reacting 
flows in which the species of interest are present at relatively low con
centrations compared to the bulk mixture, thereby reducing computa
tional complexity while maintaining sufficient accuracy for engineering 
Analysis.

The diffusion flux can be expressed as follows in a simplified form 
that directly relates the gradient of the species mass fraction to its 
transport behavior: 

Jiı ,i = − ρDil ,m
∂mil

∂xi
(13) 

6.2.2. Mathematical formulation of Gas-Phase Reaction Mechanism
Gas-Phase Reaction Mechanism can be formulated as follows: 

∑Ng

i=1
vı

ikXi →
∑Ng

i=1
vıı

ikXi
(
k=1……….Kg

)
(14) 

The chemical reaction mechanism considered in this study involves a 
total of Kg elementary reactions occurring in the gas phase. For each 
chemical species i, the net source term due to reaction Ri is evaluated as 
the cumulative contribution of all Arrhenius-based reaction rates across 
the NR reactions in which the species participates. This formulation 
ensures that the production and consumption of species are accurately 
represented within the reactor environment. 

Ril =Mil
∑NR

k=1
R
Λ

(15) 

The laminar finite-rate model implemented in the CFD framework is 
employed to compute the chemical source terms. In this model, the re
action rates are determined using Arrhenius-type expressions, which 
provide a temperature-dependent description of chemical kinetics. Re
actions are assumed to occur within the continuous phase, involving 
interactions among continuous-phase species.

For the Nth reaction, the general form can be expressed as a stoi
chiometric relationship between reactants and products as follows: 

R
Λ
=Γ
(

νıı
il ,k − νil ,k

ı
)
⎛

⎝kf ,k

∏N

jl=1

[
Cjl

]ηı
jı ,k

− kb,k

∏N

jl=1

[
Cjl

]ηıı
jl ,k

⎞

⎠ (16) 

The Arrhenius expression is employed to compute the forward rate 
constant, kf,r, for reaction r: 

kf ,k =AkTβk exp(− Ek /RT) (17) 

6.3. Radiative heat transfer equation

Considering the very high reaction temperatures and the nature of 
the carbon particle-loaded environment within the reactor, it appears 
that thermal radiation may be a dominant heat transfer mechanism. 
Consequently, the effect of radiative heat transfer must be incorporated 
into the numerical calculation model.

The governing equation for this process is the Radiative Transfer 
Equation (RTE), which describes the energy transport in an absorbing, 
emitting, and scattering medium. The RTE at position r in the direction s 
can be expressed as follows: 

dI(r, s)
ds

+
(
a+ ap + σs

)
I(r, s)= an2σT4

π + Ep +
σs

4π

∫4π

0

I(r, sı)Φ(s.sı)dΩı (18) 

(a + σs)s is the optical thickness or opacity of the medium. When 
considering radiation in semi-transparent media, the refractive index n 
becomes significant. In the discrete coordinate (DO) radiation heat 
transfer model, the radiation transfer equation (RTE) is solved using a 
finite number of discrete solid angles defined in the spherical Cartesian 
coordinate system, associated with the constant vector s in the (x; y) 
direction. The DO model allows us to include the effect of a discrete 
second particle phase on radiation heat transfer and to capture the 
contribution of the particle phase in the RTE.

Carbon particle optical properties were obtained from published 
datasets on soot and pyrolytic carbon. The spectral absorption coeffi
cient value and scattering coefficient values have been taken as 
120–150 m− 1 30–40 m− 1 respectively. Emissivity values of 0.93 was 
used for the carbon particles, consistent with typical values for carbon 
black at high temperatures, as referenced in standard literature on 
radiative properties of particulates. The refractive index n = 1.55 was 
assumed constant across 300–1800K. Temperature dependence was 
incorporated by adjusting absorption and emissivity with particle size 
and thermal conditions. The DO radiation model was configured with 4 
× 4 angular discretization, convergence tolerance of 1 × 10− 3, and gray 
wall boundary conditions with ε = 0.9. These settings ensure accurate 
resolution of radiation–particle interactions in the reactor.

6.4. The other effects and correction equations

The reacting flow mechanism is able to include thermophoresis and 
lifting effects, to be taken into consideration to obtain the most sensible 
model. For this reason, thermophoresis and lifting effects are defined 
optionally, and these are added to solving equation systems. Flowing 
includes two phase which consist of gas (methane-hydrogen) and solid 
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(carbon particle). During reacting flow, interaction of between two 
phases occurs. Therefore, it must be added correction to the governing 
equations.

6.4.1. Thermophoretic force term
Thermophoretic force and lift effect were also added general 

computing algorithm, and continous phase and discrete phase were 
combined to obtain actual flow mechanism. DT,p is thermophoretic 
constant. Thermophoresis effect formulation is 

Fx = − DT,p
1

mpT
∂T
∂x

(19) 

6.4.2. Lift effect
When flowing and converting gas mixture, lift effect also occurs in 

the tube. The lift effect formulation is used from Saffman formulation 
defined following equation [[15]]. 

F→=
2Kν1/2ρdij

ρpdp(dlkdkl)
1/4

(

v→− v→p

)

(20) 

6.4.3. Discrete phase correction
A momentum and heat transfer interaction occur between contin

uous (gas) phase and discrete (particle) phase. Therefore, these terms 
must be integreted and make harmonious into general governing 
equations.

Momentum transformation equation 

F=
∑
∑ (

18μCDRe
ρpD2

p .24pdig
()m

*
p

)

(21) 

Heat transformation equation 

Q=

⎡

⎢
⎣

mp

mpo
cpΔTp +

Δmp

mpo

⎛

⎜
⎝ − hfg + hayr +

∫Tp

Tref

cp,idT

⎞

⎟
⎠

⎤

⎥
⎦m

*
po (22) 

6.5. Boundary conditions

The boundary conditions required for our mathematical model in the 
simulation were defined as necessary and appropriate using the Fluent 
code. The reaction structure within the tube reactor was described by 
two-dimensional cylindrical geometry using conservation equations. 
The axial directions in the conservation equations specified by (1) - (6) 
were converted to Cartesian (x, y) coordinates, where x and y are in
dependent variables. The methane and carbon mixed flow is assumed to 
be proportionally fed through the reactor inlet cross-section. This mixed 
flow enters the tube reactor calculation domain (x = 0 cm) with initial 
conditions of velocity, composition, and temperature determined 
through the inlet cross-section (y = 0). In all simulations at the inlet 
boundary, the axial velocity u and the vertical velocity uy = 0 profile at 
the boundary were used. The velocities for the boundary conditions at 
the tube wall were set to zero. The mass ratio values for the inlet con
ditions were taken from Table 1, and the methane inlet temperature was 
assumed to be 300 K and the pressure was 1 bar.

The outlet is defined as a pressure outlet boundary condition in 
ANSYS Fluent. This choice allows specifying the static pressure at the 
outlet and ensures numerical stability. The expression "body tempera
ture = wall temperature" is used to avoid non-physical gradients at the 
boundary and to indicate that the return temperature is set equal to the 
wall temperature. Temperature gradients are resolved by the solver up 
to the outlet plane. Convective heat transfer is allowed to develop 
naturally, and the outlet condition ensures that the energy equation 
continues smoothly.

At the reactor exit (x=0,914 ve y=(<0,d>)), an outlet boundary is 
applied. Outlet flow conditions is defined as assuming body temperature 

as property of wall temperature. Particles for discrete condition type is 
assumed to escape type and internal emissivity value is 1. Outlet velocity 
and pressure are not defined. Flow outlets the computational domain (x 
= 0.914 cm) from over the cross section of inlet (y = <0-d>) at an 
unknown velocity, composition, and temperature.

Reactor wall is assumed as black body that irradite the mixture by 
using all of the energy into tube. Its internal emissivity = 1 and external 
emissivity = 0 for wall boundary condition. Particles is defined that have 
reflecting charecteristics on the wall for discrete movement condition. 
Convective heat transfer values is derived from Roberts formulation for 
each flow rate and temperatures [2]. There is hydrogen gas (0,188 gr/s) 
injection from porous wall into through the tube. This mass source is 
defined for wall BCs. Wall temperature is used from Table .1.

Carbon particles inlet values and conditions are defined at different 
panel in the programme. The diameter value of carbon particle is 5.10− 5 

m, particles distrubition is assumed to be uniform and carbon flow rate is 
constant.

7. Numerical simulation results and discussions

The computational investigation was based on a numerical model 
encompassing the conservation laws for mass flow, energy conversion, 
reaction kinetics, radiative heat transfer, and the discrete phase. The 
geometry was defined as a two-dimensional horizontal rectangular 
reactor, with the computational mesh generated using the GAMBIT 
software package. The modeling approach was developed to achieve the 
most accurate and optimized solution.

The simulations were performed utilizing the ANSYS_FLUENT_CFD 
software. This code employs a control volume-based finite difference 
scheme to solve the fundamental conservation laws. A key aspect of the 
solution strategy is the simultaneous calculation of thermophysical 
properties (viscosity, specific heat, thermal conductivity, absorption 
rate, and species diffusion coefficients), which are dynamically adjusted 
based on the local temperature and composition of the mixture. Model 
parameters (as listed in Table 1) were selected to provide the closest 
comparison to the experimental work of Matovich and the simulations 
conducted by Dahl and colleagues. The detailed methodology for the 2D 
simulations and associated numerical considerations are addressed 
elsewhere.

The numerical model facilitates the analysis of flow dynamics, en
ergy transfer, reactive flow interactions, and key flow features, with 
results visualized as two-dimensional graphics. The reacting mixture is 
composed of CH4, H2 and solid carbon particles C(s), all utilizing 
properties available within the FLUENT database. Modeling radiative 
heat transfer in reactive flow environments presents a challenge, as the 
continually changing species composition leads to dynamic variations in 
radiative properties. Therefore, a careful selection of the most appro
priate radiation model is necessary. The Discrete Ordinates (DO) Model 
was selected for implementation due to its sound theoretical basis and its 
ability to provide accurate and appropriate predictions of the radiative 
flux.

Aerosol tube reactor wall temperature and gas flow rates were 
selected to ensure reliability and provide a direct basis for comparison 
with the benchmark values established by Matovich and the subsequent 
simulations conducted by Dahl. Matovich's study represents the only 
available experimental data collected in a high-temperature aerosol 
reactor, which served as the foundation for the secondary validation 
values obtained by Dahl.

The parametric study investigated reactor wall temperatures ranging 
from 1533 K to 2144 K, while gas flow rates were maintained within the 
specified range of 0.304 g/s to 1.52 g/s. The resulting simulation data 
are detailed in the subsequent paragraphs.

The resulting conversion rates, based on flow rates for five distinct 
wall temperatures, are illustrated in Fig. 3. The sensitivity of methane 
decomposition conversion decreases as the flow rate increases across all 
temperatures investigated. Consequently, achieving maximum 
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conversion requires maintaining high reactor temperatures while 
operating at optimized gas flow rates.A further critical consequence is 
the observed decrease in heat transfer effectiveness per unit of flow as 

the flow rate increases.
Reactor efficiency specifically denotes the thermochemical conver

sion efficiency of the system. It measures how successfully the reactor 
transforms incoming concentrated solar energy into chemical energy, 
which is stored in the hydrogen and solid carbon produced via methane 
decomposition. In this context, reactor efficiency is quantified as: 

η=Chemical energy contained in the output products
Incident solar power supplied to the reactor

(23) 

Operationally, it is the portion of the solar power entering the reactor 
aperture that is effectively used to drive the endothermic methane 
cracking reaction: 

ηth =
ṅCH4 ,conv × ΔH∘

rxn

Q̇solar
(24) 

Where:
ṅCH4 ,conv represents the molar flow rate of methane that undergoes 

conversion.
ΔHo

rxn is the standard reaction enthalpy for CH4→C+ 2H2.
Q̇solar is the solar power absorbed by the reactor
This efficiency evaluates the overall performance of the aerosol-type 

solar reactor. It combines the effectiveness of the capturing solar radi
ation with the chemical conversion performance inside the reaction 
tube. Reactor efficiency is fundamentally a solar-to-chemical energy 
conversion efficiency. It assesses how well the integrated reactor system 
comprising a solar receiver and a aerosol reactor transforms concen
trated solar heat into chemical energy via methane pyrolysis.

Fig. 6 illustrates the axial progression of molar methane conversion 
rates along the reactor length, parameterized by six different wall 
temperatures and five distinct gas flow rates.

At the lowest wall temperature (T = 1533 K), the onset of methane 
decomposition is significantly delayed, occurring between 3 cm and 20 
cm from the reactor inlet. This decomposition onset length is highest at 
the maximum flow rate of 1.52 g/s and lowest at the minimum flow rate 
of 0.304 g/s. This result indicates that the supplied thermal energy is 
insufficient to fully meet the reaction activation energy, and that the 
heat transfer rate becomes limiting as the gas flow rate increases.

Similarly, decomposition initiates earlier, between approximately 0 
cm and 20 cm, at T = 1644 K. Furthermore, the decomposition char
acteristics and spatial expansion are quite close to those observed at 
1533 K.

For the higher wall temperatures studied, methane decomposition 
initiates near the reactor inlet (L = 0 cm). The conversion curve incli
nation (the rate of change of conversion per unit length) rises sharply 
with increasing wall temperature, signifying a substantial increase in the 
chemical reaction rate. Conversely, for a fixed wall temperature, this 
inclination consistently decreases as the flow rate increases, reflecting 
the reduction in residence time available for reaction (Fig. 7).

Fig. 8 illustrates the relationship between methane conversion rates 
and wall temperatures, parameterized across three distinct, uniformly 
spaced flow rates (0.304, 0.912 and 1.52 g/s).

A dimensionless formulation was established to characterize heat 
transfer within an aerosol flow reactor measuring 0.076 m in diameter 
and 0.91 m in length, designed for methane decomposition into 
hydrogen and carbon black. The equations were solved to assess the 
sensitivity of three operating parameters: carbon particle size, particle 
feed molar flow rate, and reactor wall temperature. The analysis shows 
that nearly complete methane conversion requires wall temperatures 
close to 2100 K. Furthermore, effective heat transfer to the gas phase is 
promoted when carbon black particles with radii of 5 μm (surface area 
≈3.1 × 10− 10 m2) or smaller are introduced. The precise particle feed 
rate is less critical, provided it remains on the order of 0.01 mol/s. These 
operating conditions correspond to reactors with residence times of 
approximately 0.1 s.

This evidence strongly supports the conclusion that temperature is 

Fig. 3. Conversion values for different mass flow rates and different wall 
temperatures.

Fig. 4. Comparison of Obtained Results with Experimental Data. This figure 
presents a scatter plot comparing calculated values with experimental data. The 
data points cluster closely around the diagonal line, indicating strong agree
ment between simulation and experiment across the 30 data points analyzed.

Fig. 5. Distribution of Error Rates. This figure shows the fluctuation of error 
rates (%) across different measurement indices. The values oscillate between 
+6% and − 6%, indicating variability in experimental or simulation accuracy.
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the most significant governing factor dictating the methane decompo
sition mechanism within this reactor configuration.

Given the catalytic role of the solid carbon particles in the reaction, it 
is essential to characterize the thermal relationship between the particle 
phase and the gas phase. Fig. 6 presents a comparative plot of these 
phase temperatures along the reactor axis. The plot reveals that the 
particle temperature exceeds the gas phase temperature within the 
initial 20 cm of the reactor length. Downstream of this region, the two 
temperatures begin to converge, achieving near-stationary values to
ward the reactor exit. Carbon particle effect on decomposition can be 
clearly seen from this temperatures expanding, when comparing and 
analysing with the other figure solutions about decomposition 
expandings.

The conversion values were obtained by significantly narrowing the 
optimal kinetic data range reported in the studies of Wiemer and col
leagues. The values used were an activation energy range of 200–211 
kJ/mol and a reaction rate constant of 6–12 × 1011 s− 1. These narrowed 
values fall within the 200–230 kJ/mol range identified by Muradov, 
thus aligning well with all three studies. Additionally, a temperature 
range consistent with the decomposition mechanism reported in the 
literature was established. A comparison of the obtained results with 
experimental data is presented in Fig. 4. As seen, the results are quite 
close to each other. This comparison, conducted over 30 data points, 
yielded values that are more consistent with experimental data than 
those previously analyzed by Dahl and colleagues. The error analysis for 
the same data is provided in Fig. 5. According to this analysis, the error 

Fig. 6. Methane conversion values through tube for 6 temperature values and 5 flow rates.
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range varies between − 5% and +5%, with an average error rate of 5%. 
This value is acceptable for a heterogeneous reaction environment. At 
higher temperatures, the error rate decreases even further.

The most important solution direction of the model is shown in Fig. 2
because of reacting expanding in the reactor as differentally form the 
other studies. Extension of the methane decomposition through the 
reactor tube is indicated in this figure for 1533 K wall temperature at 
five different flow rates as two dimensional. It makes full distrubition of 
the species through the tube to be possible.

For example, it can be understood of inlet velocity effect on the 
beginning of the reaction and hydrogen diffusing that is towards inside 
of tube from wall on mechanism extension. Species distrubition through 
the tube is closest connected to flow rates. Decomposition occurs 
annular through the tube and resembles to gas firing inside of the tunnel 
as natural gas and hydrogen.

Solution parameters of the numerical model on methane decompo
sition are indicated as far as here.

Another respect of this study is relation to the former study's results. 
Obtaining values from the model solution are compared with Matowich 
study's data. This is shown in Fig. 8 that contains comparative values 
that are obtained numerical model with Matowich study's data. Con
version values are very closest to data that is given at Table .1. These 
values were obtained by getting closer kinetics parameters and constants 
that are used in wide range.

To ensure the reliability of the kinetic model, the activation energy 
was constrained within the range of 200-211 kJ/kmol and the reaction 
constant factor was fixed between 6 and 12 × 1011 s-1 for all simulations.

The selected activation energy range exhibits strong agreement with 
the benchmark data reported by Muradov, which specified values be
tween 200_230 kJ/kmol. In this respect, the obtained kinetic parameters 
are harmonious and consistent with the data derived from three separate 
external experimental studies.

8. Conclusion

The CFD simulation model of the methane decomposition mecha
nism in this study includes detailed flow-thermal-chemical reactions, 
discrete phase flow, and associated complex mathematical operations. 
This numerical model allows us to analyze the effects of various pa
rameters that may influence the reaction mechanism in an aerosol tube 
flow from various engineering perspectives, including chemical, me
chanical, and reaction kinetics.

Our application of CFD, linked to various engineering disciplines, 
can provide useful analyses for reaction problems in such flows. Such 
simulations will enable us to create newer designs and develop appli
cable, functional reactor models. Methane decomposition and kinetic 
analysis is an important field encompassing many important and 
comprehensive parameters. One of these parameters is activation en
ergy, which can vary depending on many variables such as catalyst 
properties, particle geometry, microchemical structure, and so on. 
Therefore, there is no fixed value for chemical kinetic properties, and 
understanding the chemical reaction kinetics for such heterogeneous 
reactions is quite challenging. Another conclusion from this study is that 
this modeling allows for the understanding and identification of 

Fig. 7. Gas and particle temperature according to tube length (Tw = 1755 K,0.912 gr/s).

Fig. 8. Conversion values according to wall temperature for three flow).
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sensitivity characteristics for parameters by examining various appli
cation aspects in green hydrogen engineering. High-temperature ther
mal cracking (MTD) of methane in an aerosol flow reactor offers a 
technologically advanced and economically promising method for CO2- 
free hydrogen production. The designs developed through these simu
lations provide a clearer understanding of the fundamental challenges 
inherent in MTD processing the activated carbon and hydrogen.

This modeling study will enable more precise process control capa
bilities for AFR. This will enable the production of high-purity hydrogen, 
as well as the design of high-value activated black carbon production, 
and the transformation of a potential waste into a critical economic 
driver.

While some challenges remain in catalyst control and scaling, 
research and development studies similar to our CFD analysis study 
demonstrate that the MTD-AFR process can be considered a serious 
contender for the future of clean and green hydrogen production in 
upgrade applications using biomethane and natural gas.

The economic viability of methane decomposition is significantly 
influenced by the marketability of its carbon byproduct. As Riley et al. 
[31] suggest, if all the carbon generated during the process could be sold 
at 0.82 EUR/kg, the cost of hydrogen production could drop from 2.68 
EUR/kg to zero. According to the International Energy Agency (IEA), 
global hydrogen production in 2019 was approximately 115 million 
tons. Given the stoichiometric relationship in methane pyrolysis, this 
would result in around 345 million tons of carbon—three times the mass 
of hydrogen produced. However, this figure far exceeds the current 
global annual demand for solid carbon, which is less than 20 million tons 
[30]. Consequently, large-scale implementation of methane cracking 
could oversaturate the carbon market. To support the transition to green 
hydrogen via methane pyrolysis, strategies for carbon sequestration or 
the development of new industrial applications for solid carbon are 
essential.

Moreover, the economic impact of carbon recovery depends on its 
form and quality, as different types of carbon command varying market 
prices. For instance, carbon black typically sells for 0.3–1.7 EUR/kg, 
while graphitic carbon can reach 8 EUR/kg, and carbon fibers range 
from 20 to 94 EUR/kg [29]. Additionally, research indicates that higher 
dilution ratios during the process tend to produce larger carbon particles 
[28], which may further influence their commercial value and usability.
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