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Solar natural gas thermal dissociation, producing both hydrogen and solid carbon,
appears as a promising way for progressive decarbonization of the world energy mix.
Three main challenges remain to be tackled: carbon deposition issue, continuous round
the clock operation of the solar reactor with an intermittent energy resource, and
technology scale-up. The present work proposes a new windowless scalable solar
reactor enabling volumetric gas-phase (i.e., not at the walls) methane cracking with
possible hybridization. CFD simulations demonstrate the advantage of the new concept
as compared to conventional tubular reactors. The proposed system uses a hot inert
gas to generate a high temperature fluid zone similar to a combustion flame where the
methane decomposition occurs. Based on the numerical model developed, a sensitivity
study is carried out in order to optimize the reactor design enabling both high methane
conversion and low carbon deposition. For methane flow-rates of 4.6 × 10−6 kg.s−1

and 2.3 × 10−6 kg.s−1 (argon flow-rate of 9.3 × 10−5 kg.s−1), methane conversion
reached 46 and 73% for maximum fluid zone temperatures of 1676 and 1750 K,
respectively. Furthermore, electric hybridization is investigated in order to highlight the
potential for day and night continuous operation. Indeed, since an inert carrier gas is
used as heat transfer medium, it can be heated by different energy sources to maintain
the thermal power input during low irradiation periods. Thus, the solar flame concept that
we previously patented proves to be of interest for practical implementation to introduce
solar heat into high temperature processes.

Keywords: solar reactor, methane cracking, hydrogen, carbon black, hybridization, solar flame

INTRODUCTION

In the way toward the reduction of CO2 emissions associated with the utilization of fossil fuels,
hydrogen appears as a valuable energy vector that can be used in various industrial or transportation
sectors to displace fossil energy sources. The challenge for chemical engineering is to produce it in
a sustainable way, preferably using renewable energies, at an acceptable cost (Arastoopour, 2019).
A smooth energy transition could possibly rely on methane cracking, as natural gas reserves are
still huge (Weger et al., 2017). Methane dissociation can be carried out in 3 ways: direct thermal
cracking, catalytic cracking or electrochemical processes (plasma cracking) (Abánades et al., 2012).
Concentrated solar energy has been widely investigated to provide renewable high temperature
heat for the direct or catalytic process (Ozalp et al., 2009). The solar process enables to use a widely
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distributed fossil energy (methane) to produce a decarbonized
H2 form without CO2 emissions given that carbon is recovered
in the solid form. Moreover, a recent work revealed that the
process could drastically improve solar-to-electricity efficiency
using hydrogen and carbon fuel cells (Ozalp et al., 2018). The
direct methane dissociation can be written as:

CH4 → 2H2 + C 1H◦ = 75 kJ mol−1 (1)

The reaction extent can be characterized by the methane
conversion defined as the ratio of converted methane to the initial
methane feed.

XCH4 =
F0,CH4 − FCH4

F0,CH4
(2)

With F0,CH4 the inlet methane flow-rate and FCH4 the outlet
methane flow-rate (mol.s−1).

Past works on methane dissociation have considered different
solar reactors with two main concepts: direct (Kogan et al., 2007;
Abanades and Flamant, 2008; Maag et al., 2009) or indirect
heating (Rodat et al., 2010, 2011; Abanades et al., 2015). In
the former, the carbon seeded reactive gas is directly irradiated
by concentrated solar energy through a transparent window,
leading to very high heat transfer rates at particles surface along
with catalytic effects. The main drawback is the possible carbon
deposition issue on the window. The latter uses an opaque
separation wall transferring solar heat by conduction to the
reacting medium. This option lowers the thermal efficiency, but
does not require introducing carbon particles and can eliminate
the use of a window. However, carbon deposition on the tube
wall has been reported (Abánades et al., 2011). This is because
in the indirect heating configuration, the tube wall is the hottest
zone where the reaction is favored. Thus, methane dissociates
mainly on the hot surface, whereas the conventional furnace
black process for hydrocarbons dissociation intrinsically involves
a volumetric reaction in the combustion flame. In order to avoid
the carbon deposition issue, Wyss et al. (2007) proposed the
solar fluid-wall configuration with two concentric tubes. The
outermost tube received solar irradiation. In the annular zone,
a flow of hydrogen was injected while in the innermost tube,
methane was injected. As the innermost tube was porous, hot
hydrogen could pass through it and carry heat for the methane
dissociation while avoiding carbon deposition on the wall. Given
that the tube was made of graphite, the concept still required
a window to avoid carbon oxidation. Other non-solar options
were investigated to study possible effect of catalysts, either
carbon-based or metallic (Abbas and Wan Daud, 2010). Plasma
reactors for hydrogen and carbon black production process were
also explored (da Costa Labanca, 2020). A commercial plant
is currently being deployed by Monolith Material company in
Nebraska. Molten metal reactors were considered as well (Geißler
et al., 2016). Methane was bubbling into a bath of molten
media, so that it could dissociate into gaseous hydrogen and
solid carbon floating at the surface. In this configuration, even
if methane dissociation occurs in the liquid volume, interaction
between carbon and metal may lead to more graphitic carbon
than what is expected in a gas. The recovery of carbon remains
also a challenge.

Besides the carbon deposition issue, the second obstacle that
is more general and applicable to almost all previous solar
thermochemical reactors is that operation is only diurnal leading
to transient operation and shut down at night. This leads to low
thermal efficiency and difficult control of process parameters,
especially the temperature. For that purpose, hybridization
appears as an interesting option in order to maintain operation
round the clock. Electric or fossil fuel hybridization of solar
reactors was recently proposed (Chinnici et al., 2018; Rowe et al.,
2018). Eventually, most of the solar reactors make use of a
window that can hardly be applied in scaled-up reactors.

To tackle all these issues, the solar flame concept has been
patented by the authors (Rodat et al., 2017) and the present
work aims at providing first insights into the possible benefits
of such configuration. A new hybrid windowless solar tubular
reactor for continuous volumetric natural gas dissociation
is presented and examined thanks to Computational Fluid
Dynamics (CFD) simulations. First, the solar reactor concept
(design and geometry) and model are depicted, and then a
parametric study is carried out in order to size a future prototype
(tube configuration, flow rates, preheating) and to evaluate its
thermochemical performance, especially in terms of methane
conversion. The innovative dual tube configuration is compared
to conventional single tube designs.

REACTOR CONCEPT AND MODEL

The reactor concept is depicted in Figure 1 including a schematic
3D view of the solar reactor without the insulation layer (left),
along with the corresponding axisymmetric geometry used for
the simulation (right). It features a tubular design and it is
composed of 2 concentric alumina tubes. The innermost tube
is 6 mm O.D. and 3 mm I.D. for a total length of 270 mm
while the outermost tube is 25 mm O.D. and 20 mm I.D. for
a total length of 500 mm. The tube is inserted in an alumina
cavity receiver of 40 mm height and 45 mm inner diameter
including a 16 mm diameter aperture. This unwindowed opening
lets concentrated solar energy enter into the black body type
receiver. The reaction occurs inside the tubes and the windowless
solar reactor is based on indirect heating via the intermediate
tube wall. On top of the solar cavity, the tube can be heated
by an electric heating element for possible hybridization of the
reactor. The reactor is surrounded by a 70.5 mm insulating
material (maximum thickness) with a conical extrusion around
the cavity aperture to let concentrated solar energy enter. Gas
inlets are located at the top, and outlet is at the bottom. Inlets and
outlet sealings are water-cooled. For the simulation, a simplified
axisymmetric geometry is proposed considering the tubular
design of the reactor. An 85 mm heating zone is defined on
the outermost tube starting 15 mm above the cavity top. This
zone stands for the resistive heater. The modeled cavity has a
1 mm high aperture leading to a total cylindrical surface of
2.14 × 10−4 m2 around the reactor axis corresponding to the
real total surface of the circular aperture of the 3D mockup
(16 mm diameter). Due to the axisymmetry, the conical extrusion
in the insulation layer is transformed into a V-shaped extrusion

Frontiers in Energy Research | www.frontiersin.org 2 August 2020 | Volume 8 | Article 206

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/
https://www.frontiersin.org/journals/energy-research#articles


fenrg-08-00206 August 27, 2020 Time: 19:16 # 3

Rodat and Abanades The Solar Flame

FIGURE 1 | 3D schematic view of the reactor without insulation and geometry used for axisymmetric modeling.

around the reactor axis. The gravity is in the direction of the axis,
toward the outlet.

The aim of this new solar tubular reactor is to investigate
the patented technology of the solar flame proposed by Rodat
et al. (2017). It consists in using a high temperature gas heated
by solar energy to replace the combustion flame for example
in the furnace black process. The advantage is that the gaseous
heat transfer fluid can be heated by solar energy leading to
a “sustainable flame” as no fossil fuel combustion is required.
A close concept was previously proposed by Shpilrain et al.
(1999) who investigated the pyrolysis technology “in the free
volume” in High Temperature Regenerative Gas Heaters in order
to avoid pyrocarbon formation on reaction surfaces. However,
fossil fuel combustion was considered for thermal power input.
An inert argon flame was simulated in a carbon black furnace for
sour natural gas decomposition by Javadi et al. (2010). Thermal
decomposition of methane in the products of premixed flames
was also recently reported by Afroughi et al. (2019). If the
reported H2 yield of about 80% was encouraging, the carbon
yield was very low. According to the authors, it was due to
the gasification reaction. However, acetylene concentration was
not measured and the presence of C2H2 could also explain
the low carbon yield. Thus, it seems pertinent to study the
effect of the direct methane cracking into the solar flame, in
order to control the flame composition (containing inert gas)
along with the heating source (concentrated solar power). The
proposed configuration enables to preheat argon gas in the
annular space of the tubular reactor before injecting methane
into this hot gas flow via the central tube. Numerical simulations

are required in order to evaluate the most suitable configuration
of the reactor (mainly: gas flow-rates and innermost tube
length) while enabling reasonable methane conversion with
limited carbon deposit.

The whole simulation was developed on ANSYS workbench
(v19.2). The geometry was designed with SpaceClaim, while
Meshing software was used for generating the mesh and Fluent
as the CFD tool (see Supplementary Material 1 for the
mesh independence study and convergence conditions). Steady-
state, pressure based, axisymmetric Fluent model was used.
Standard momentum, energy and mass conservation equations
and dedicated models included in the software were used without
modification (ANSYS Inc., 2018). The hydrodynamic model
was laminar. Whatever the configuration, the Re number is
indeed lower than 350, this value being identified as the critical
Reynolds number (transition between laminar to turbulent flow)
for confined co-axial jets (Gore and Crowe, 1988). Energy
conservation equation was solved. The Discrete Ordinates model
was used to take into account radiative heat transfer assuming a
gray model (Theta and Phi divisions set to 4 and Theta and Phi
pixels to 3). A semi-transparent wall enabled to simulate direct
solar radiation along the reactor radial direction. The radiative
flux was assumed diffuse and homogeneous at the cavity entrance,
which reasonably allows representing the real solar power
absorbed by the cavity receiver although not accounting for the
real flux direction and distribution. The mass transfer model
included species transport coupled with volumetric reaction. The
kinetic rate of methane decomposition reaction was represented
by a first order finite rate reaction [reaction (1)], according to the
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TABLE 1 | Main properties of solids.

Density
(kg/m3)

Specific heat
(J/kg/K)

Thermal conductivity
(W/m/K)

Alumina 3900 900 34.9@20◦C

6.8@1000◦C

5.3@1500◦C

Insulation 400 800 0.15@800◦C

0.22 @1000◦C

Arrhenius law with a pre-exponential factor of 2 × 1010 s−1 and
an activation energy of 281 kJ/mol (Rodat et al., 2009).

Two solid materials were defined: alumina tube and insulation
that represent the solid zones of the reactor, along with four
mixture species inside the tube (fluid zone): argon, methane,
carbon-solid (dedicated specie in Fluent to consider solid carbon
formation as a mixture specie in the gas phase to avoid multiphase
flow simulation) and hydrogen. The main physical properties
are given in Table 1 for solid zones (thermal conductivity is
calculated for a specific temperature in K according to a piecewise
linear model) and in Table 2 for species of the fluid zone inside
the tube (physical properties are function of temperature T in K).
Gas density is estimated according to the incompressible ideal gas
law. Mass diffusivity of the mixture is set to 2.88 × 10−5 m2/s.
Regarding the boundary conditions, entrance and exit of the
tubes are set to a temperature of 300 K to consider water cooling
of seals. For all other external surfaces, the thermal boundary
condition is natural convection (with heat transfer coefficient set
to 10 W/m2/K).

RESULTS AND DISCUSSION

Position of the Natural Gas Injection
Three configurations have been compared in order to
demonstrate the interest in the use of a central methane
injection as compared to the single tube design. First, a single
tube was simulated. Then, two central methane injections were
evaluated either with an innermost tube of 230 mm (methane
injection is just at the beginning of the solar cavity) or 270 mm
(methane injection is just after the solar cavity). When a central
injection is used, only methane is introduced in the innermost

tube while only argon flows in the outermost tube. In all cases,
the mass flow-rate of argon is 2.3 × 10−4 kg.s−1 (7.81 NL/min –
NL means Normal Liter at 101325 Pa and 273.15 K) and the
mass flow-rate of methane is 9.2× 10−6 kg.s−1 (0.77 NL/min). It
corresponds to an argon inlet velocity of 0.5 m/s and a methane
inlet velocity of 2 m/s. A solar flux density of 4 MW/m2 is set at
the cavity aperture (semi-transparent wall), corresponding to a
total incident power of 854 W. The heating element is off.

Single Tube Configuration
In order to be able to compare the new design with a conventional
tubular configuration, a simulation with a single tube (25 mm
O.D. and 20 mm I.D.) was carried out. Figure 2 provides the
temperature contour of the reactor. It can be seen that the
maximum temperature in the solar cavity is quite homogeneous
with a maximum value of about 1900 K. A maximum gas
temperature of 1020 K on the tube axis and a maximum
wall temperature of 1870 K are obtained. The final methane
conversion is 22%. As observed in Figure 3A, methane mainly
dissociates near the tube wall where the temperature is maximum.
As a consequence, the carbon formation (Figure 3B) tends to
occur directly on the hot wall surface possibly leading to carbon
deposition. In order to overcome these limitations, a central
injection is proposed and investigated in the following.

Dual Tube Configuration
In order to evaluate the impact of a central tube injection of
methane, two dual tube configurations were simulated for an
innermost tube length of 270 and 230 mm. Both configurations
are compared with the single tube configuration. In Figure 4,
the wall and on-axis temperatures are reported along the tube
length for the single tube configuration and the two dual tube
configurations. The zone between X = 0.23 m and X = 0.27 m
corresponds to the solar cavity. It can be noted that the three
configurations lead to tube wall temperatures exceeding 1800 K in
the vicinity of the solar cavity. The main differences are obviously
observed on the symmetry axis. For the single tube configuration,
the temperature on the axis is limited to a maximum of 1020 K
at 5 cm before the exit while the maximum temperature reaches
1300 and 1750 K toward the exit of the innermost tube for
the dual tube configurations 230 and 270 mm, respectively. The
presence of an additional inner tube improves heat transfers
thanks to additional heat transfer surface. It can be seen that

TABLE 2 | Main properties of fluids.

Density (kg/m3) Specific heat (J/kg/K) Thermal conductivity (W/m/K) Viscosity (Pa/s)

Ar Incompressible
ideal gas

520 10−3*(5.465 + 0.04729*T–
0.1111*10−4*T2

+ 0.1599*10−8*T3)
10−3*(5.465 + 0.04729*T–
0.1111*10−4*T2

+ 0.1599*10−8*T3)

H2 Incompressible
ideal gas

14842.4718–2.6202*T + 0.0047*T2–
2.02117*10−6*T3

+

3.10−10*T4

2.53475*10−6
+ 2.36313*10−8.T–

7.89074*10−12*T2
+ 2.47412*10−15*T3–

3.26598*10−19T4

3.31057*10−2
+ 5.29801*10−4*T–

1.52509*10−7*T2
+ 4.70881*10−11*T3–

6.18079*10−15*T4

CH4 Incompressible
ideal gas

936.17117 + 4.24316*T–
1.54662*10−4*T2–
5.69283*10−7*T3

+ 1.30084*10−10*T4

-1.98806*10−3
+ 9.47907*10−5*T +

9.25401*10−8∗T2–
1.85469*10−11*T3

+ 2.15397*10−15*T4

1.07385*10−6
+ 3.84809*10−8.T–

1.59570.10−11*T2
+ 5.10936*10−15*T3–

6.76321*10−19∗T4

C 2000 -432.85513 + 4.88985*T–
0.00386*T2

+ 1.39948*10−6*T3–
1.89099*10−10*T4

151.57–0.14403*T + 5.171*10−5∗T2–
6.427*10−9*T3

1.72.10−5
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FIGURE 2 | Temperature contour for the single tube configuration (K).

for the dual tube configurations, the temperature on the axis
exceeds the outermost tube wall temperature at X = 0.36 m and
X = 0.3 m for the respective tube lengths of 230 and 270 mm.
For the single tube configuration, the wall temperature exceeds
the on-axis temperature only at X = 0.42 m. This implies that a
central injection enables to introduce methane in a hot gas zone
on the tube axis. This is highlighted in Figure 5 that shows the
temperature contour for the dual tube configuration (270 mm).
A maximum temperature of 1880 K is obtained, which is quite
similar to the single tube configuration (1910 K). This confined
methane jet limits wall reaction and thus carbon deposition,
as depicted in Figure 6. The methane flow is surrounded by
the argon flow and carbon is almost only formed around the
reactor axis. CH4, H2 and C on-axis mole fractions are given in
Supplementary Material 2. The dual tube configuration avoids
wall reaction and enables a volumetric reaction in the hot gas. For
an inner tube length of 230 mm, the on-axis peak temperature
is obtained after the innermost tube exit (X = 0.24 m), while it
is obtained just before the innermost tube exit for the 270 mm
inner tube (X = 0.26 m). Also, it can be noted from Figure 5
that the temperature of the innermost 270 mm tube outlet
almost reaches the cavity temperature. Consequently, by reducing
the tube length from 270 to 230 mm, we aimed at favoring
the volumetric reaction by avoiding methane to flow in a high
temperature tubular region where carbon deposit could occur.

Figure 7 reports the on-axis methane mole fraction and
the methane conversion along the reactor axis. Concerning on-
axis methane mole fraction, it is almost constant for the single
tube (equal to the inlet mole fraction) because the on-axis
temperature remains low with almost no cracking reaction. For

the dual tube configuration, the on-axis mole fraction of methane
decreases progressively due to both the mixing with argon and
the hydrogen and carbon production. The 270 mm dual tube
configuration shows a sharper decrease than the 230 mm dual
tube configuration due to better methane conversion. It can be
observed that the single tube configuration and the dual tube
configuration (270 mm) reach similar conversion performance of
22%, while the dual tube configuration (230 mm) cannot convert
methane because of too low gas temperatures (Figure 4). It can
be seen that for the dual tube configuration (270 mm), 13%
methane conversion is already reached at the innermost tube
exit, which is not desirable since carbon deposition is expected
on the walls. However, in this zone, high gas velocities could
enhance carbon transportation. The maximum velocity value (see
velocity contour in Supplementary Material 3) is below 25 m/s
at the innermost tube outlet, resulting in a Reynolds number of
about 200. The rest of the conversion occurs in the hot argon
flow without reaching the outermost tube wall. The globally low
conversion is mainly due to the fact that the residence time is
too short. Indeed, high argon and methane flow lead to high gas
velocities that in turn limit the maximum gas temperature and
kinetics. Hence, a sensitivity study on the argon and methane flow
is proposed in the following section with the objective to optimize
the dual tube configuration (230 mm) that offers the best design
for volumetric reaction.

Impact of the Gas Flow-Rates
Flow-rates have been modified for the dual tube configuration
(230 mm) in order to maximize the volumetric reaction
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FIGURE 3 | CH4 (A) and C (B) mass fraction for the single tube configuration.

and methane conversion. Argon and methane flow-rates
have been studied.

Argon Flow Influence
In a first attempt, argon mass flow-rate was reduced from
2.3 × 10−4 kg.s−1 to 9.3 × 10−5 kg.s−1. Figure 8 shows the
corresponding methane conversion and on-axis temperature.

For a reduced argon flow-rate, the methane conversion reached
16% while almost no conversion was observed for the nominal
argon flow-rate. Indeed, with a reduced argon flow-rate, the
maximum on-axis temperature increased from 1315 to 1515
K, thereby improving kinetics and conversion. Increasing the
temperature and reducing the gas residence time has been
reported to be highly beneficial for the methane conversion
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FIGURE 4 | Temperature of the outer tube inner wall (continuous line) and on the symmetry axis (dashed line) for the three configurations (single tube, dual tube
270 mm, dual tube 230 mm length) vs. reactor length.

FIGURE 5 | Temperature contour for the dual tube configuration (270 mm) (K).

(Rodat et al., 2010). Also, it can be observed that almost no
conversion was obtained before the innermost tube exit (before
X = 0.23 m). This means that the reaction mainly occurs
in the free volume of hot argon. Moreover, a temperature
increase is observed after X = 0.27 m due to mixing with
the hot argon, playing the role of the flame. This high
temperature zone corresponds closely to the increase in methane

conversion (for 0.27 m < X < 0.37 m). Eventually, the on-
axis temperature decreases faster toward the reactor exit for the
lowest argon flow-rate due to reduced inertia of the gas flow
and increased methane conversion (endothermic reaction). For
the highest argon flow-rate, the on-axis outlet gas temperature
is about 1200 K while it is lower than 550 K for the lowest
argon flow-rate.
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FIGURE 6 | CH4 (A) and C (B) mass fraction for the dual tube configuration (270 mm).
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FIGURE 7 | On-axis methane mole fraction along with methane conversion vs. reactor length for the three reactor configurations.

FIGURE 8 | Methane conversion and on-axis temperature vs. reactor length for the 230 mm dual tube configuration and two different argon flow-rates
(2.3 × 10-4 kg.s-1 and 9.3 × 10-5 kg.s-1).

In order to maintain sufficient argon flow to ensure volumetric
reaction, the argon flow-rate was not reduced further and
methane flow-rate was varied.

Methane Flow-Rate Influence
Three methane mass flow-rates were investigated for a constant
argon mass flow-rate of 9.3 × 10−5 kg.s−1 (3.15 NL/min):
9.2 × 10−6 kg.s−1 (0.77 NL/min), 4.6 × 10−6 kg.s−1 (0.39
NL/min) and 2.3 × 10−6 kg.s−1 (0.19 NL/min). The results
in terms of methane conversion and on-axis temperature are
reported in Figure 9. The reduction of methane flow-rate

enables to increase the on-axis temperature and consequently the
methane conversion. The maximum temperature increases from
1515 to 1676 K and 1750 K for the respective methane flow-rates
of 4.6 × 10−6 kg.s−1 and 2.3 × 10−6 kg.s−1. The corresponding
conversions increase from 16% to 46% and 73%. However, it
can be noticed that for the two smallest methane flow-rates,
the maximum on-axis temperature is achieved in the innermost
tube leading to up to 15% methane conversion in this tube,
probably on the hot walls. Anyway, due to reduced residence
time in the innermost tube, the conversion mostly occurs in the
free volume between the innermost tube outlet and X = 0.35 m.
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FIGURE 9 | Methane conversion and on-axis temperature vs. reactor length for the 230 mm dual tube configuration and three different methane flow-rates
(9.2 × 10, 4.6 × 10-6 kg.s-1, and 2.3 × 10-6 kg.s-1).

FIGURE 10 | Methane conversion and on-axis temperature vs. reactor length for the 230 mm dual tube configuration with and without preheating.

Such dual-tube configuration has never been studied so far, thus
experimental results are not yet available for validation. Anyway,
for a single tube configuration with equivalent heating zone,
Abanades et al. (2015) obtained a methane conversion of about
55% at a wall temperature of 1673 K for 0.2 NL/min of methane
and 1.8 NL/min of argon. These results are consistent with the
simulations which give 73% conversion for a methane flow-rate
of 0.19 NL/min at a higher temperature (1950 K on the tube
wall). Although the simulated argon flow-rate is 3.15 NL/min
leading to a reduced residence time, the impact of temperature

is predominant, which explains the higher conversion. Also, the
dual tube configuration enhances heat transfer due to additional
available surface for heat exchange. To improve further the
methane conversion, argon preheating was evaluated through the
use of the heating zone (Figure 1).

Argon Preheating
In order to further improve methane conversion, the effect of
argon preheating was investigated. For this purpose, the heating
zone was implemented to bring additional power to the reactor
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(resistive electric heating is planned for the real concept). This
way, the argon flow can theoretically be preheated up to the
solar cavity temperature in case of solar irradiation decline and
provide continuous process capability. As a first step, only argon
preheating was simulated to evaluate its effect on the reactor
performance. A power of 70 W was generated on the heating
zone in addition to the solar input. Figure 10 reports the results
in terms of methane conversion and on-axis temperature for the
230 mm dual tube configuration with and without preheating.
The methane flow-rate is 4.6 × 10−6 kg.s−1 while the argon
flow-rate is 9.3 × 10−5 kg.s−1. It can be observed that the
maximum on-axis temperature increases from 1676 to 1800 K at
the innermost tube outlet. At X = 0.3 m, the on-axis temperature
is still about 50 K higher in case of preheating. This leads to
an improvement in the final methane conversion from 46 to
77%. Methane is mainly converted in the free volume since
the conversion at the exit of the innermost tube (X = 0.23 m)
is only 5 and 17% without and with preheating, respectively.
Going to higher power input would further increase the global
methane conversion. However, as the preheating also preheats
methane, methane conversion would also increase in the central
tube, which is not desirable as the reaction may occur again on
the walls. As a consequence, to increase the preheating power,
a different design should be considered to limit cracking in
the central tubular injector. A first option would be to reduce
the innermost tube diameter to increase methane velocity. This
would limit the methane residence time in the injector and thus
its conversion. Another option would be to insert a L-shaped
radial port for axial injection around X = 0.23 m, so that
the methane flow temperature would be less affected by the
preheating power. This technical option is more challenging in
terms of fabrication because thermal dilatation has to be taken
into account for proper design and operation. Nevertheless, these
improved designs would enable a better control of the process and
possible round the clock operation if the heating zone can provide
sufficient power to compensate solar power decline. It is also
possible to supply hot carrier gas from a thermal storage when
solar power is decreasing. Eventually, the dynamic control of the
reactor temperature is the next step required to reach continuous
solar processes.

CONCLUSION

A new windowless hybrid solar reactor was proposed for the
volumetric methane thermal dissociation. It operates with a

confined methane jet into a hot argon flow to reproduce a
similar thermohydraulic behavior as in the conventional furnace
black process. The CFD simulations enabled to optimize the
design (tubes configuration and geometry) and the operating
conditions (argon and methane flow-rates) to promote methane
cracking in the free volume, avoiding carbon deposition issues
on the tube walls. Furthermore, the use of an inert hot gas
acting as a flame allows hybridizing the solar reactor for
continuous operation at night, and simulations were carried
out regarding the effect of argon preheating. The reported solar
reactor design is the first of this kind and space remains for
further optimization before bringing the concept to prototype.
Methane conversion up to 77% was achieved at 1800 K with
argon preheating, which proves the relevance of the design.
Operating conditions and geometry can be further improved,
for example by studying the impact of the innermost tube
diameter or by replacing argon by nitrogen or even hydrogen.
In addition, the injection could be inserted directly in the hot
zone (via a L-shaped radial port for axial injection) to limit the
cracking reaction in the innermost tube. Basically, this work
demonstrates the relevance of the solar flame concept and opens
the way for various applications conventionally relying on fossil
fuels combustion such as reforming or metallurgy. The concept
offers the opportunity for continuous round the clock operation
of high temperature solar processes through heat storage or
hybridization and dynamic control.
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