
K

S
a

b

a

A
R
R
A

K
M
K
P
H
S

1

t
r
m
a
o
m
w
p
f
T
w
g
o
I
g
i
t
d

C

1
d

Chemical Engineering Journal 146 (2009) 120–127

Contents lists available at ScienceDirect

Chemical Engineering Journal

journa l homepage: www.e lsev ier .com/ locate /ce j

inetic modelling of methane decomposition in a tubular solar reactor

ylvain Rodata,∗, Stéphane Abanadesa, Julien Couliéb, Gilles Flamanta

Materials, and Solar Energy Laboratory, CNRS (PROMES-CNRS, UPR 8521), 7 Rue du Four Solaire, 66120 Odeillo Font-Romeu, France
N-GHY Z.I. Montplaisir, Site Industriel St. Antoine, 51 rue Isaac Newton, 81000 Albi, France

r t i c l e i n f o

rticle history:
eceived 17 June 2008
eceived in revised form 2 September 2008
ccepted 3 September 2008

eywords:

a b s t r a c t

Solar methane cracking is a promising pathway to produce hydrogen and carbon black with the bonus of
zero CO2 emission. A kinetic simulation of the methane decomposition in a tubular solar chemical reactor
prototype is presented. This reactor is composed of four independent tubular reaction zones inserted in a
graphite cavity receiver. Chemical reaction modelling is carried out thanks to the Dsmoke software, using
a detailed kinetic scheme for the wide range modelling of alkane transformation. First, a kinetic analysis
of the chemical system is presented to determine the sequence of methane cracking and a sensitivity
ethane cracking
inetic model
lug-flow reactor
ydrogen production
olar reactor

analysis of the results on temperature (in the range 1500–2300 K) and on natural gas composition is
performed. Then, a kinetic simulation of the solar reactor is proposed and implemented, in which each
tubular reaction zone is modelled by three plug-flow reactors in series representing the pre-heating,
isothermal, and cooling zones of the reactor. It predicts the evolution of gas species concentrations as
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. Introduction

Special interest is given to the production of hydrogen as
he future energy vector. Several H2 production processes have
eached maturity for commercial exploitation such as steam
ethane reforming (SMR), partial oxidation of heavy oils, cat-

lytic decomposition of natural gas, and coal gasification, while
ther non-commercial H2 sources are being developed such as
ethane pyrolysis, electrochemical processes, thermochemical
ater-splitting cycles, biomass gasification, and photo-biological
rocesses [1]. Currently, hydrogen is mainly produced from fossil
uels and especially natural gas (consisting primarily of methane).
hese conventional processes lead to important CO2 emissions. It
as estimated that the global warming potential (GWP) of hydro-

en production via the SMR process is 13.7 kg CO2 (equiv.) per kg
f H2 produced (CO2 accounts for 77.6% of the system’s GWP) [2].
n order to avoid environmental impacts, new solutions are investi-
ated. A promising one is the methane thermal dissociation [3–10]
nto hydrogen and carbon black (CB), two valuable products. If solar
hermal power is used as energy input, no CO2 emission occurs

uring the process. The overall reaction can be described as:

H4 → 2H2 + C (1)

∗ Corresponding author. Tel.: +33 4 68 30 77 31; fax: +33 4 68 30 29 40.
E-mail address: sylvain.rodat@promes.cnrs.fr (S. Rodat).
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omparisons with experimental results between 1670 K and 1770 K show
sion, and CH4 and H2 off-gas compositions.

© 2008 Elsevier B.V. All rights reserved.

H◦ = 75 kJ mol−1 (216 kJ mol−1 for CH4 at 298 K and products at
000 K)

Nevertheless, a more complex reaction scheme has to be used
o explain the production of by-products such as C2H2, C2H4, and
2H6 and more complex molecules like polyaromatic hydrocarbons
PAHs). The kinetic mechanism can be described either as a simpli-
ed stepwise dehydrogenation: 2CH4 → C2H6 → C2H4 → C2H2 → C
11] or as a more complex scheme including a free radical mecha-
isms composed of 36 and 119 reactions as proposed by Olsvik et
l. [12] and Billaud et al. [13], respectively. A kinetic mechanism
ncluding only C2H2 as intermediate product was also reported
14]. A complete bibliographic survey concerning works on thermal
ecomposition of methane after 1960 was published by Billaud et
l. [15]. Usually, the overall methane decomposition was consid-
red of first order [6,16,17] but other orders were also reported. For
xample, Dahl et al. (2002) identified a reaction order of 4.4 [18,19].
his paper addresses a study on the kinetic scheme of methane
ecomposition reaction using the Dsmoke software and the com-
arison with experimental results obtained with a 10-kW tubular
olar reactor. This reactor comprising a cavity-type receiver and
our independent tubular reaction zones was developed to investi-
ate natural gas cracking with a controlled temperature and with
he possibility of scaling-up.
. Description of the kinetic model

A kinetic software was used to predict the kinetics of natural
as cracking. The considered software called Dsmoke was devel-

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:sylvain.rodat@promes.cnrs.fr
dx.doi.org/10.1016/j.cej.2008.09.008


eering Journal 146 (2009) 120–127 121

o
[
l
t
I
T
f
g
i

v
i
s
m
w
t
a
t

2
a
r
s
a
B
0
(
t
s
a
s
0
o
r

m
(
i
H
C
C
T
r
f
i
s

3

m
r
r
r
t
t

F

w
t
b

F

3

H
r
m
w
o
H

t
m
t
t
o
o
r
p
u
c

o
o
C
a
T
t
t
w
a
t

S. Rodat et al. / Chemical Engin

ped by Faravelli and Ranzi at the Polytechnic University of Milan
20]. This software uses a detailed chemical kinetic scheme, with
umping procedures [21], for the modelling of alkane transforma-
ion for a wide composition range (from methane up to diesel fuel).
t includes a detailed kinetic modelling of PAHs and soot formation.
he high temperature mechanism for large PAHs and soot particles
ormation and growth is based on homogeneous reactions between
as phase species. More than 240 species and 14,000 reactions are
mplemented in Dsmoke code.

This model has been previously tested with respect to a
ery large set of experimental data for conditions that do not
nvolve transport and diffusion processes, including plug-flow and
tirred reactors, batch reactors and shock tubes, rapid compression
achines and motored engines. It has been finally validated for a
ide variety of chemical engineering problems, such as combus-

ion, oxidative pyrolysis and steam cracking of alkane mixtures for
pplication to future hypersonic propulsion [22] or for NOx predic-
ion in glass melting furnaces [23].

Using a sectional approach [24], PAHs composed of more than
0 carbon atoms and soot particles with diameters of up to 60 nm
re divided into a limited number of classes covering different mass
anges. Each class is represented by a two or three lumped pseudo-
pecies, called BIN, with a given number of carbon and hydrogen
toms [25]. The H/C ratio decreases with increasing molecular mass.
IN1 has 20 carbon atoms, and includes three different H/C ratios:
.3, 0.5, and 0.8, so the species included in the model are BIN1A
C20H16), BIN1B (C20H10), and BIN1C (C20H6). BIN(n + 1) has twice
he number of C atoms and mass range of BIN(n). This exponential
ectional approach saves computation time while still maintaining
fair description of the low molecular weight components. For the

mallest BINs, three different H/C ratios are selected (0.8, 0.5, and
.3), while for larger BINs the selected level of H/C decreases in
rder to better match the overall dehydrogenation trend. The H/C
atios assigned to the last BINs are 0.2 and 0.05.

For this study, all BINs are considered as soot particles. The
odel permits to save data concerning a limited number of species

up to 30) even if much more species are computed. Thus, a lim-
ted number of the most relevant species was carefully selected:

2, CH4, BINs, PAHs: C6H6, C8H6, C8H8, C9H8, C10H8, C12H8, C13H10,
14H10, C16H10; non-methanic hydrocarbons (NMHCs): C2H2, C2H4,
2H6, C3H4, C3H6, C3H8, C4H2, C4H4 and free radicals: H, CH3, C3H3.
he kinetic model accounting for particle nucleation, formation of
adicals, growth mechanisms of particles, oxidation mechanisms is
ully described in Ref. [24]. The residence time is calculated for each
teration with the gas composition corresponding to the calculation
tep.

. Kinetic analysis of the methane decomposition

Before modelling real experiments, a kinetic study of the
ethane decomposition was conducted. An isothermal plug-flow

eactor at 101.325 kPa was assumed. Neither preheating of the
eactants, nor cooling of the products was considered. Calculation
esults are presented as a function of residence time � in the reac-
or (main variable). As a parametric analysis, the effects of reactor
emperature and fuel composition are studied.

Performance criteria are reported in terms of:
CH4 conversion:

XCH4 = F0,CH4 − F yCH4

F0,CH4

(2)

t
t
c
t
w

ig. 1. Mass fractions, CH4 conversion, and H2 yield versus residence time at 1700 K.

H2 yield:

YH2 = F yH2

2F0,CH4

(3)

here F0,CH4 is the inlet molar flow-rate of CH4, yi is the mole frac-
ion of species i, and F is the total outlet flow-rate (with argon as
uffer gas) obtained from:

= FAr + F yCH4 + F yH2 + F yC2H2 + F yC2H4 + F yC2H6 (4)

.1. Kinetic mechanism in an ideal isothermal reactor

The evolution of products mass fractions, CH4 conversion, and
2 yield as a function of residence time in an isothermal plug-flow

eactor at 1700 K is given in Fig. 1. A gas feed composed of pure
ethane is considered. Residence time varies from 10−5 s to 100 s,
hich are extreme, non-realistic values, but this range is chosen in

rder to understand the kinetic mechanisms that are involved in
2 and CB formation.

The total mass fraction is very close to 100% except for residence
imes between 0.3 ms and 30 ms. A total mass fraction near 100%

eans that the selected species are the only main compounds and
hat other side products are negligible. A total mass fraction lower
han 100% means that side products, different from the selected
nes, are also generated. It can be either PAHs that were not selected
r other non-selected intermediate hydrocarbons. In this case, the
eal composition of the products should have to be checked more
recisely and accurately. The mass fraction of hydrogen can increase
p to 25%, which corresponds to the theoretical maximum value for
omplete dissociation of CH4.

Concerning CH4 conversion, it reaches 90% for a residence time
f about 15 ms. A residence time longer than 100 ms is required in
rder to reach complete conversion. H2 yield increases as soon as
H4 conversion starts. H2 yield strongly increases between 10−3 s
nd 10−1 s. A 90% yield is reached for a 100-ms residence time.
hen for longer residence times, H2 yield only slightly increases up
o 100%. Increasing the residence time results firstly in the forma-
ion of C2H6, then C2H4 and C2H2 are produced. This scheme agrees
ith the successive dehydrogenation of CH4 through C2H6, C2H4,

nd C2H2 proposed by Back and Back [11]. During these decomposi-
ions, the released hydrogen atoms create H2. Next, C2H2 is used as
he starting point for the growth of soots, and the release of H on
2
he other hand. Nevertheless, the simulation shows that additional
ompounds are involved in this mechanism since up to 10% of the
otal mass fraction is missing (between 3 × 10−4 s and 3 × 10−2 s)
hen only considering the selected species.
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ig. 2. Methane conversion versus residence time at different temperatures
btained from Dsmoke simulations and from a plug-flow reactor model.

This missing mass fraction mentioned above can also be
bserved for the other temperatures, the higher the temperature,
he earlier the appearance of this missing mass fraction. As this
esult is an indication of the formation of intermediate hydrocar-
on (HC) compounds, this means that the off-gas is “dirtier” at

ow temperature than at high temperature. For example, at 1500 K,
ntermediate HC compounds are formed between 10 ms and 0.3 s.

Despite CH4 conversion significantly begins at � = 10−4 s, soot
ormation only appears at � > 2 × 10−3 s. Soot formation increases

arkedly up to 1 s and increases slightly for larger �. The maximum
INs mass fraction (75%, corresponding to the maximum carbon
ass fraction that can be reached from complete CH4 dissociation)
ould be ideally reached after 100 s. Soot mean diameter increases
ith the residence time to stabilize around 60 nm (the limit of the
odel) at large residence times.

.2. Parametric analysis

A parametric analysis was carried out on temperature and nat-
ral gas composition.

Figs. 2 and 3 plot the CH4 conversion and H2 yield as a func-
ion of residence time for different temperatures ranging between
500 K and 2300 K. Concerning CH4 conversion, the higher the tem-
erature, the lower the residence time required for the start of CH
4
issociation (Fig. 2). Indeed, CH4 dissociation starts from 5 × 10−4 s
t 1500 K whereas it starts from 3 × 10−6 s at 1900 K. The same ten-
encies are observed on the H2 yield versus residence time profiles
Fig. 3). However, for a temperature higher than 1900 K, a plateau

ig. 3. Hydrogen yield versus residence time for different temperatures and natural
as compositions.
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n the H2 yield profiles is observed between 75% and 80% where
2 yield grows up more slightly. This slow down in the H2 yield rise
ainly corresponds to unconverted C2H2. At 1500 K, the formation

f H2 is delayed and occurs for residence times longer than 1 ms;
t this temperature, the final H2 yield is lower than 95% because a
omplete conversion into H2 cannot be reached even for the largest
esidence time considered.

The peaks of formation of all considered light HC compounds
C2H6, C2H4, C2H2 species) are shifted towards low residence times
hen the temperature increases. Nevertheless, it also appears that

2H2 is still unconverted after long residence times and that the
evel of remaining C2H2 is the most important at high tempera-
ures (4% in mass after 10 s at 2300 K). As a result, increasing the
emperature does not suppress the formation of secondary hydro-
arbons.

BINs formation begins between 2 × 10−4 s (0.2 ms) for the high-
st temperature (2300 K) and 2 × 10−2 s (20 ms) for the coolest one
1500 K). For residence times higher than 20 ms, the evolutions of
INs mass fractions are very similar, except for the case at 1500 K
here BINs formation begins later and BINs mass fraction does not

each 75% even after 100 s.
Based on the results presented in Fig. 2, the kinetic parameters

or the global reaction of methane dissociation were identified with
simple reactor model. Assuming a first order kinetic expression

6,16,17] and an ideal plug-flow reactor model, the residence time
can be calculated from [10]:

� = −(1 + ˛)ˇ ln(1 − XCH4 ) − ˛ˇXCH4 (5)

here ˛ is the chemical expansion factor, ˇ is the physical dilatation
actor, and k is the kinetic rate constant, following an Arrhenius law:

= k0 exp
(−Ea

RT

)
(6)

here Ea denotes the activation energy (J/mol), k0 the pre-
xponential factor (s−1), R the universal gas constant (8.314 J/mol
), and T is the absolute temperature (K).

For each simulated temperature, it is possible to identify the
inetic rate constant k in Eq. (5) which best fits the Dsmoke simu-
ation (Fig. 2). Then, from the plot ln(k) = f(1/T), a linear regression
llows estimating a pre-exponential factor of 6.6 × 1013 s−1 and
n activation energy of 370 kJ/mol. The fair determination coeffi-
ient (0.9982) shows that the hypothesis of a first order reaction
s adapted. These values of the kinetic parameters are in the range
eported for a homogeneous (non-catalytic) methane decomposi-
ion reaction [26].

The model sensitivity on gas fuel composition at 1900 K is pre-
ented in Fig. 3 for three different natural gases and pure methane.
ompositions of natural gases are given in Table 1. CH4 conversion
nd H2 yield show similar values whatever the gas composition for
esidence times higher than 1 ms. For residence times lower than

ms, CH4 conversion and H2 yield are better for natural gas than

or pure methane due to the presence of ethane. Special care has to
e taken if the natural gas contains CO2 (NG3) since it is converted

nto CO, a highly toxic gas. For potential H2 use in a polymer elec-
rolyte membrane fuel cell (PEMFC), purification would be required

able 1
atural gas compositions

Volume fractions (%)

CH4 C2H6 C3H8 C4H10 CO2 N2

ethane (REF-G1) 100
odified algeria gas (NG1) 91.2 6.5 2.1 0.2
odified groningen gas (NG2) 83.5 4.7 0.7 0.2 10.8
orth Sea gas (NG3) 88.2 5.4 1.2 0.4 1.4 3.2
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Fig. 4. Schematic configuration of the 10 kW solar reactor prototype.

o avoid the poisoning of the anode catalyst (usually based on plat-
num) by CO. The maximum tolerance on CO concentration for such
pplication is 100 ppm [27].

. Simulation of a tubular solar reactor

.1. Reactor description

The reactor is presented in Fig. 4. It is composed of a 20-cm-side
raphite cavity receiver (blackbody absorber of cubic shape). A 9-
m-diameter aperture lets concentrated solar radiation entering
ithin the cavity through a quartz window. Thus, the inside cavity

wept by nitrogen is separated from ambient oxidizing atmosphere.
he reaction takes place in the four tubular graphite zones settled
n parallel and vertically in the solar absorber. Each reaction zone,
ed independently by a mixture of Ar and CH4, is composed of two
oncentric graphite tubes: an inner tube for gas inlet (12 mm o.d.,
mm i.d.) and an outer tube for gas outlet (24 mm o.d., 18 mm i.d.).
he gas enters the inner tube and flows out by the annular space
etween the outer and inner tubes. The graphite tubes are heated
p by both direct solar radiation coming from the aperture and by

R radiation from the cavity walls. The heated tube length inserted
n the graphite cavity is about 0.161 m, the remaining length (about
.203 m) corresponds to the insulation zone (Fig. 5). Three differ-
nt insulating layers envelop the reactor cavity to lower conduction
osses. It forms an insulation layer of 0.15 m (0.05 m for each insu-
ating material). The three insulating materials are graphite felt
n contact with the cavity (� = 0.46 W m−1 K−1), an intermediate
efractory ceramic fiber operating up to 1600 ◦C (62% Al2O3, 30%
iO2, � = 0.35 W m−1 K−1 at 1400 ◦C), and an outer microporous
nsulator operating up to 1000 ◦C (20% ZrO2, 77.5% SiO2, 2.5% CaO,
= 0.044 W m−1 K−1 at 800 ◦C). The surrounding outer shell of the

eactor is made of stainless steel (535 mm × 535 mm × 373 mm).
he reactor is designed for a nominal power of 10 kW and it is
et-up at the focus of the 1 MW solar furnace of CNRS-PROMES
aboratory. The furnace is composed of a field of 63 heliostats for
ull power (45 m2 per heliostat) and of a parabolic concentrator
1830 m2) delivering up to 9000 suns at the focal plane. During
xperiments at 10 kW scale, only a fraction of the parabola is used
y limiting the number of heliostats tracking the sun and by using
shutter.
.2. Experimental procedure and results

The first experimental step was the heating of the reactor under
n argon flow in the tubes. Once the desired temperature reached,
he mixture of argon and methane was injected with a controlled

C
(
1
3
c

Fig. 5. Scheme of tube parts constituting the three plug-flow reactors.

omposition. Two mass-flow meters were dedicated to each tube
o control with accuracy the Ar and CH4 flow-rates. The tempera-
ure was measured by a solar blind optical pyrometer (wavelength:
.14 �m) pointing toward a graphite tube outer wall inside the
avity through a CaF2 window and by a Pt–Rh thermocouple in
ontact with the graphite cavity wall. Since measurements showed
hat similar temperatures were reached by the tube wall and the
raphite cavity wall (maximum discrepancy of 40 K), the tempera-
ure of the tubes inside the cavity was considered uniform [28].

At the exit of the four tubes, the exhaust gas–solid flows were
ollected and mixed together. The gas temperature was about 373 K,
he products were cooled down and flowed through a filter bag to
eparate carbon particles. The pressure was monitored by pressure
ensors placed at each tube entrance and was regulated thanks to
he use of a vacuum pump. The filtered gas was then analysed to
etermine the gas composition. A continuous analyser permitted
o monitor the concentration of H2 and CH4. The methods used
or H2 and CH4 analysis were thermal conductivity and infrared
etections, respectively.

A gas chromatograph also measured online the outlet con-
entration of CH4, C2H6, C2H4, C2H2, and H2. The chromatograph
Varian CP 4900) was equipped with two columns: MolSieve 5A
LOT for H2 and CH4, and PoraPLOT U for light hydrocarbons (C2Hy).
he chromatography analysis was based on thermal conductivity
etection and the carrier gas was argon, also used as buffer gas
uring methane cracking experiments.

The main experimental conditions and corresponding results
re listed in Table 2. Seventeen experimental tests were carried
ut. Temperatures varied between 1670 K and 1770 K and the
H flow-rate in the feed varied between 1.2 L/min and 8 L/min
4
every volumetric gas flow-rates are given at normal conditions:
01.325 kPa and 273.15 K). CH4 mole fraction was between 10% and
3%. The gas residence time ranged from 12 ms to 35 ms and it was
alculated by dividing the volume of the tubular reaction zones
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Table 2
Experimental conditions and corresponding results

Ar (L/min) CH4 (L/min) Pressure (Pa) Tpyrometer (K) Residence time (s) Off-gas (mole fractions)

H2 CH4 C2H2

1 10.8 1.2 40,000 1770 0.032 0.1625 0.0018 0.0202
2 16 4 38,000 1770 0.018 0.2518 0.0138 0.0392
3 16 4 35,000 1770 0.017 0.2555 0.0055 0.0417
4 20 4 35,000 1770 0.014 0.2170 0.0090 0.0302
5 16 4 32,000 1700 0.018 0.2056 0.0294 0.0398
6 16 6 35,000 1710 0.017 0.2925 0.0340 0.0530
7 16 6 25,000 1710 0.012 0.2278 0.0790 0.0361
8 10.8 1.2 30,000 1670 0.027 0.1033 0.0227 0.0207
9 16 8 30,000 1670 0.013 0.1230 0.2123 0.0179

10 18 2 30,000 1670 0.018 0.0795 0.0388 0.0160
11 16 4 30,000 1670 0.018 0.1480 0.0727 0.0282
12 14 6 30,000 1670 0.018 0.2270 0.1000 0.0426
13 18 2 30,000 1740 0.018 0.1177 0.0173 0.0258
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14 16 4 30,000 1740
15 14 6 30,000 1740
16 24 6 30,000 1740
17 8 2 30,000 1740

nserted in the graphite cavity (isothermal zone in Fig. 5) by the
otal volumetric inlet gas flow-rate calculated at the actual tube
emperature and pressure. This residence time assessment did not
nclude the gas flow-rate expansion due to chemical reaction.

The gas-flow in the tubes was laminar with a Reynolds num-
er smaller than 2000. The highest Reynolds number (1900) was
btained at the tube entrance. Then, it decreased with temper-
ture because the gas kinematic viscosity increased faster than
he gas velocity (gas feed: 4 L/min Ar and 1 L/min CH4, pressure:
0 kPa, tube diameter: 4 mm, gas kinematic viscosity at 300 K:
.87 × 10−5 m2 s−1).

The duration of an experiment was up to 1 h. Results did not
epend on the experiment duration since steady state was rapidly
eached. However, when the tubes started to block because of car-
on deposition, the chemical conversion rate increased because the
esidence time increased. The experiment was then stopped.

The ratio between the carbon quantity exiting the reactor
weighted mass of solid carbon from the filter and the tubes, acety-
ene and residual methane from GC analysis) to the carbon quantity
ntroduced (methane) was about 93%. The missing mass of carbon

ay be the non-removed carbon deposit in the tubes and the other
ndetected secondary hydrocarbons.

.3. Model of the experimental reactor

The four tubes are identical since they are in parallel in an
sothermal cavity. Moreover, the gas feed in each tube is inde-
endent and the same gas flow-rates are injected. Experiments
lso confirm that the conversion rate remains unchanged when
topping the gas feeding in one tube. Therefore, only one tube is
onsidered in the kinetic simulations. When flowing in the tube,
ases pass through two different zones consisting of a pre-heating
one, an isothermal zone, and a cooling zone. According to the tubu-
ar design of the reaction zones and to the laminar flow regime
nside the tubes, a plug-flow is the most suitable assumption for
he reactor model. Each tube is thus modelled by three plug-flow
eactors in series (Fig. 5):

Pre-heating plug-flow reactor: the temperature increases linearly

from 300 K to the measured reactor temperature during the test.
It corresponds to the part of the inner tube in the insulating
layers. Since graphite has a much higher thermal conductivity
than the insulating materials, the temperature gradient along
the tube wall is directly connected to the thermal conductivity

4

a
m

0.018 0.2173 0.0307 0.0448
0.018 0.2943 0.0560 0.0536
0.012 0.1617 0.0703 0.0264
0.035 0.2523 0.0037 0.0187

of graphite according to Fourier’s law. Therefore, a linear temper-
ature profile was chosen. This profile did not require any more
adjustment because it did not affect the results at all. Indeed,
simulation results showed that no reaction occurred in this pre-
heating zone because both residence time and temperature were
not high enough. It just allowed to increase the gas temperature
and it was thus neglected in the kinetic simulations.

It was assumed that the gas temperature reached the reactor
all temperature at the exit of the pre-heating zone. Two parame-

ers favor the gas pre-heating: first, the argon thermal conductivity
s multiplied by 3 between 300 K and 1700 K, second, methane
bsorbs IR radiations. Besides, the start of the thermally devel-
ped region in the entrance region of a tube with constant wall
emperature can be determined from [29]:

1
Re Pr

xd

d
= 0.05

here Re is the Reynolds number, Pr is the Prandtl number, xd is the
tart of the thermally developed region and d is the tube diameter.

From this correlation, xd is about 28 cm for a wall temperature
f 300 K and 10 cm for a wall temperature of 1700 K. Thus, the mean
agnitude order for xd corresponds roughly to the pre-heating

one length (20 cm).

Isothermal plug-flow reactor: the temperature is set to the mea-
sured temperature of the reactor during the test. This zone of the
tubes located in the cavity (thus receiving the solar irradiation)
corresponds to the isothermal zone.
Cooling plug-flow reactor: the temperature decreases from test
temperature to 373 K. It corresponds to the annular space
between the inner and the outer tube located in the insulating
layers. This zone has been called “cooling zone” because it is not
exposed to the solar irradiation and thus, the gas temperature
decreases. Similarly to the pre-heating zone, the rate of temper-
ature decrease in the cooling zone is linear.

or each simulated run, the experimental temperature and pressure
sed in the model are those specified in Table 2.
.4. Simulation results and experimental validation

The kinetic model predictions concerning the gas composition
s a function of residence time are given in Figs. 6 and 7 for experi-
ental conditions 2 (temperature: 1770 K, CH4 mole fraction: 20%).
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ig. 6. Gas composition versus residence time from kinetic simulation of experi-
ental condition 2.

As expected, the isothermal part is the key zone of the reactor:
he conversion of methane and the production of hydrogen mainly
ccur in this zone as well as the non-simultaneous formation of
MHCs, PAHs, and BINs. Likewise, CB formation occurs later than
2. These results are reported in Fig. 6 as a function of residence

ime, which was set to 0 at the entry of the isothermal zone. The
esidence time is about 17 ms in the isothermal zone and about
4 ms in the cooling zone. CH4 starts to dissociate after 1 × 10−4 s.
he formation of NMHCs (light hydrocarbons) is first observed fol-
owed by the formation of H2. Then, PAHs and BINs are formed in
short residence time period. Actually, the decomposition of PAHs
nd the formation of CB just begin toward the exit of the isothermal
one for � > 10 ms.

Among NMHCs, C2H6 and C2H4 are the first species formed from
H4 dissociation, as shown in Fig. 7. Both species are then con-
erted into C2H2 with a nearly complete conversion at the exit of the
sothermal zone (� > 10 ms). In the cooling zone, the CB formation
lowly continues while C2H4 and C2H6 slightly increase presumably
rom C2H2 due to the temperature decrease. Predicted mole frac-
ions of CH4, H2, and C2H2 at the reactor exit are 0.014, 0.248, and
.056, respectively, which corresponds closely to the experimental
alues given in Table 2, except for C2H2.

Fig. 8 compares the CH4 conversions obtained from kinetic sim-
lations with Dsmoke code and from experiments. For most of the

ests, experimental CH4 conversion is higher than the simulated
ne but there is a reasonably good agreement between the two
eries (mean discrepancy of 12%). The carbon particles formed in
he tubes may catalyse further the reaction. This catalytic effect is

ig. 7. C2H6, C2H4, and C2H2 mass fractions versus residence time from kinetic
imulation of experimental condition 2.
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ig. 8. Experimental and predicted methane conversions from the kinetic model for
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ot included in Dsmoke software (homogeneous reaction), which
ay explain why the chemical conversions predicted by Dsmoke

re usually lower than the experimental ones. The statement of
omogeneous reaction considered by Dsmoke is consistent with
he high value of activation energy (370 kJ/mol) identified from the
lug-flow reactor model. In few cases (tests No. 9, 15, 16), the pre-
icted CH4 conversion is higher than the experimental one. This
ay be due to temperature measurement uncertainty. In some

ases, especially at high CH4 flow-rate in the feed, the gas temper-
ture must be lower than the wall temperature measured by the
yrometer, due to the endothermic reaction. If the gas temperature

s over-estimated, then the predicted conversion from Dsmoke sim-
lation becomes higher than the experimental one. The influence
f temperature is also clear: the higher the temperature, the higher
he conversion, as shown in Fig. 8. The reaction of methane decom-
osition is endothermic; as a consequence, a temperature increase
esults in the reaction rate increase. According to thermodynamics
30], CH4 decomposition is complete between 1273 K and 2273 K.
ue to kinetic limitations, the experimental CH4 conversions are
ot complete, which was expected since the residence time is too
hort to reach thermodynamic equilibrium. This influence of resi-
ence time on reaction extent is strong according to Dsmoke kinetic
alculations.

Concerning the comparison between experimental and simu-
ated H2 yields, the mean discrepancy is 24%, which is not as good as
or the CH4 conversion. Experimental H2 yield is always higher than
he predicted one. Finally, Dsmoke always predicts higher off-gas
2H2 concentrations than the experimental ones (mean discrep-
ncy of 32%), which explains the discrepancy on the H2 yield. This
isagreement with experiments may be due to the catalytic prop-
rties of CB reported previously [31] but that are not integrated in
he Dsmoke model. An heterogeneous surface reaction may also
ccur on the tube walls, enhancing the dissociation reaction [32].
oncerning C2H4 and C2H6, their quantities in the gas products are
ot significant enough to conclude quantitatively but their concen-
rations tend to decrease when increasing the temperature.

The time evolution of H2 and CH4 mole fractions at 1740 K
btained from the model are reported in Figs. 9 and 10(lines) along
ith the experimental data corresponding to each experimental

ondition (marks). The slope breakage on lines takes place between
he isothermal and the cooling zones and proves that a higher res-
dence time in the isothermal zone (where the reaction rate is the

ighest) could lead to enhanced CH4 conversion. At this transi-
ion point, the kinetic model gives the residence time of the gas in
he isothermal zone, which corresponds roughly to that calculated
ithout taking into account the chemical expansion (values given
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Fig. 9. Predicted H2 mole fraction versus residence time and corresponding exper-
imental data at 1740 K.
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ig. 10. Predicted CH4 mole fraction versus residence time and corresponding
xperimental data at 1740 K.

n Table 2 for each experimental condition). Actually, the residence
imes obtained from the two different calculation methods (kinetic

odel and assessment from inlet gas-flow rate) are similar owing to
he high dilution with argon. Moreover, simulated and experimen-
al CH4 and H2 mole fractions are very comparable, which permits
o validate the kinetic model applied to the solar process of methane
racking. On the basis of the results obtained with this 10 kW solar
eactor, a pilot-scale solar reactor is being designed. To limit the
arbon deposition issue, simple tubes will be preferred instead
f concentric tubes. The graphite tubes could also be replaced by
eramic tubes since ceramics are successfully used in CB industrial
rocesses [33]. The kinetic model presented in this paper gave con-
istent results that were validated from experiments. The kinetic
ode predicts the chemical conversion as a function of residence
ime for given conditions of temperature, pressure, and feed gas
ow-rates. Thus, it can be used as a design tool during reactor
caling-up. For example, the required residence time to obtain a
omplete chemical conversion is a key parameter that determines
he dimension of the reaction zone.

. Conclusion
Kinetic simulation of methane dissociation in various experi-
ental conditions was carried out with the Dsmoke software. The

inetic model predictions agreed with the general sequence of
ecomposition: a stepwise dehydrogenation with the successive

ntermediates C2H6, C2H4, and C2H2. Nevertheless, other com-

[

[
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ounds were also involved as chemical intermediates whatever
he temperature. Simulations with various natural gas composi-
ions showed small difference in CH4 conversion after 1 ms. A global
inetic expression for the overall dissociation reaction was identi-
ed from the reactor model (k0 = 6.6 × 1013 s−1 and Ea = 370 kJ/mol),
ssuming a plug-flow and non-catalytic reaction.

The 10 kW solar experimental reactor was modelled by three
lug-flow reactors in series to take into account the temperature
rofile in the different zones of the reactor tubes (pre-heating,

sothermal, cooling). The model shows reasonably good agreement
ith experimental results, especially for CH4 conversion, and mole

ractions of CH4 and H2. It also confirms the importance of residence
ime and temperature in order to reach high conversion. Moreover,
he formation of CB occurs later than H2 formation and the produc-
ion of PAHs as intermediate products is identified. Although the
inetic model is limited in terms of particle diameters (60 nm as
he upper value), it proved to be a valuable and accurate calculation
ode in the field of thermal methane dissociation.
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