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High-temperature solar methane dissociation in di-mu
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Four Solaire, 66120 Odeillo Font-Romeu, France

Abstract: Methane cracking is a possible route for the ampction of hydrogen and carbon black
avoiding CQ emission. An indirect heating solar reactor prgiet allowing thermal dissociation of
methane without catalyst, is tested at high tempesa. It is composed of a cubic graphite cavity
receiver (20 cm side) equipped with four independentical tubular reaction zones. The concentrated
solar radiation (2-4 MW/m2) is absorbed throughhamispherical quartz window by a 9 cm-diameter
aperture. A set of experimental results on solatharee dissociation is presented for the temperature
range 1823-2073 K. The effects of temperaturedezsie time from 10 ms and beyond 100 ms, gas
flow-rates up to 12 NL/min 2.0* Nm’s™®) of methane, and methane concentration up to 186%
investigated. Moreover, an experimental run wa® alarried out with natural gas instead of pure
methane. Typical hydrogen and carbon mass balastuwes that methane is efficiently converted into
hydrogen whereas it is not as well converted iotm<arbon due to the production of acetylenewA-t
step mechanism for methane dissociation is predemteorder to define accurately the reactor

efficiencies (thermal efficiency and solar-to-hyglea thermo-chemical conversion).
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1-Introduction

In order to counter the rising G@missions, the decarbonisation of energy is reduand hydrogen
appears as the most promising energy carrier. Blagas (mainly composed of methane) may play a
major role on the way toward a carbon free erfengys the cleanest hydrocarbon fuel and it camefie
from transportation infrastructures. Nowadays, bgén is mainly produced from steam methane
reformind, while carbon black is principally produced frone furnace proce¥sBoth processes release
large amounts of COin the atmosphere. Solar thermal methane crackingd be a solution for the
clean co-production of hydrogen and carbon bladilouk 92% of the pollution associated with the two
conventional processes is elimindtethe overall reaction can be written as:

CH; = 2H,+C
1)

AH° = 75 kJ mol* (216 kJ mal* for CH, at 298 K and products at 2000 K).

The reaction is endothermal and solar thermal gnisrguised as power input, which results in the
absence of Corelease in the process. At thermodynamic equilibrithe dissociation is complete for
temperatures beyond 1500.K\Nevertheless, Holmen et %point out the presence of products such as
C,Hs, GH4, and GH, depending on the residence time. These specietharenes involved in the
commonly accepted dehydrogenation of methafisermodynamic equilibrium is not reached due to
kinetic limitations. The overall decomposition ofthane has been studied by investigating either a
catalytic or a non-catalytic reaction. For non-baia reaction, activation energies range betwe#a 3
kd/mof and 451 kJ/md) whereas activation energies are lower (143 k3fma36 kJ/mat!) for the
catalytic decomposition reaction.

In previous works on methane cracking, Lédé &t mientioned in 1978 the use of a solar reactor to
apply thermal shocks to methane. A complete bibdiphic survey on methane pyrolysis after 1960 was
published by Billaud et df. Solar thermal cracking of methane also enablexl gtoduction of
nanotube¥. Special interest was given to solar methane argder the co-production of hydrogen and
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carbon black during the last five years. Two pdssikactor designs were investigated, the difédt

and the indirect heating conceté® In the latter configuration, the solar irradiatshe is separated
from the reacting flow whereas in the former, npagation is used, and particles seeding is reqtined
efficient gas heating.

This work reports on the results obtained with gaehgrototype-scale solar reactor (mean power: 20
kW) featuring a cubic graphite cavity (behavingadslack-body cavity) with four vertical inside tuau
reaction zones. This design enables the contrthefeactor tube temperature and is also suitable f
scaling-up. Previous results on low temperatures r(in the range 1670-1770 K) have already been
reported and have permitted to validate the Dsnkaketic code for the chemical reaction modelling
applied to methane decompositiarit also showed that increasing the temperatureuiathe methane
conversion. Therefore, a second series of expetsrarnigher temperatures was performed in theerang

1823-2073 K and the noteworthy results are discussthe following sections.

2- Experimental Section

2.1-Design of thereactor

The reactor is presented in Fig. 1. It is compasfeal graphite cavity receiver of cubic shape. ide s

is 20 cm long and the aperture diameter is 9 cne. rElactor was designed for a nominal power in the
range 15-25 kW. Inside the cavity, four independerd identical tubular reaction zones are positione
vertically and work in parallel. Each reaction zaseeomposed of two concentric tubes (Fig. 2). This
design warrants a pre-heating of the feed gas éwti products. The innermost tube is 4 mm i.d. and
12 mm o.d., while the outer tube is 18 mm i.d. 84dnm o.d.. A mixture of methane and argon is fed
in the innermost tube and the products flow oubuigh the annular space between the two tubes. The
total tube length is 380 mm: 178 mm are heatedha draphite cavity directly exposed to solar

irradiation, while the remaining length goes througe insulating layers. Three different insulating
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layers surround the graphite cavity in order tatliconduction losses. They form an insulation layer
0.15 m thickness (0.05 m for each insulating makerThe 3 insulating materials are a graphiteifelt
contact with the cavityd=0.53 W.m".K* at 1873 K), an intermediate refractory ceramicityeerating

up to 1873 K (62% A3, 30% SiQ, A= 0.35 W.m".K™* at 1673 K), and an outer microporous insulator
operating up to 1273 K (20% Z5077.5% SiQ, 2.5% CaOA=0.044 W.nt.K™* at 1073 K). The reactor
shell (53%535x373 mm) is made of stainless steel. As far asrth@ face is concerned, it is aluminum-
made with water-cooling channels. A water-coolegppaw-made component enables to hold the
hemispherical quartz window. This transparent wimatoses the cavity, which helps to create an inert
atmosphere. It prevents the graphite from oxidiaimge the graphite cavity is swept by a nitrogew f
Both the direct concentrated solar radiations fitbe sun and the IR radiations from the cavity walls
contribute to the tubes heating. The solar conaéng system used is the 1 MW solar furnace of the
CNRS-PROMES laboratory. It is composed of a fidld® sun-tracking heliostats (45 m2 each) and a
parabolic concentrator (1830 m?) delivering up @®® suns at the focal point. For the experiments at
15-25 kW scale, only a limited number of heliostgS) was used along with a shutter to control the
incoming flux density in the range 2-4 MW/m?2. Théime reactor aperture (9 cm-diameter) determined

the absorbed solar power.
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2.2-Experimental procedure

Each experiment starts with a heating period (a36utin) with an argon flow in the tubes in order
to reach the targeted temperature. Temperaturenigatled thanks to a solar-blind optical pyrometer
(wavelength: 5.14um) pointing toward a tube wall through a Gafndow. A type B thermocouple (Pt—
Rh) is placed in contact with the graphite cavity bas to be removed for temperatures above 1973 K
(maximal working temperature for this device). Orice desired temperature is reached, a controlled
mixture of argon and methane can be injected. iBréshabled thanks to 8 mass-flow controllers (4 for
methane and 4 for argon). Two mass-flow controlles dedicated to each tube (Brooks Instruments
model 5850 S, precision 0.7% of the measuremen®.286 of the full scale, range 0-10 NL/min (O-
1.6710% Nm®s?) for methane and 0-20 NL/min (0-3:8%* Nm’s?) for argon, where NL means
Normal Liter that corresponds to one liter at ndromnditions (101,325 Pa, 273.15 K)). There is Be g
pre-heating before entering the reactor tubes siheegases are fed through a water-cooled copper
component at the top of the reactor (Fig. 1). Wheaving the reactor tubes, the gas products are
collected in this same water-cooled copper compotiea allows the cooling of products below 373 K.
Then, the gases flow in a water-cooled pipe befatering a solid-gas separation unit. Accordintig,
products flow through a filter bag (diameter: 12hpength: 800 mm) to separate carbon particlas. It
made of Ryton with a Mikrotex membrane (type 36d1-500 g/m?2). Then, a bypass stream to be
analyzed is aspired through a set including a pyinsampling pump that feeds a continuous analyzer
and a secondary sampler (peristaltic pump) thatsfeegas chromatograph (GC, Varian CP 4900). The
GC is equipped with 2 channels (the retention tiavesreported after each relevant specigsgnnel 1
(MolSieve 5A PLOT 10M) for H(25 s), CH (41 s); channel 2 (PoraPLOT U 10M) for hydrocarbons
such as CHI(22 s), GHe (43 s), GH4 (37 s), GH» (54 s), and K (21 s). The carrier gas used for
chromatography analysis is argon, also used asibgéis during methane cracking experiments, thereby

eliminating the matrix effect€Continuous analysis of methane and hydrogen isleddy a specifically
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devoted multi-component gas analyser (Rosemount ISG¥ MLT3, resolution: 1% of the full scale),
and the methods used for, ldnd CH analysis are thermal conductivity and non-dispersnfrared
detections, respectively. The measurement of, €Bncentration is used for interference cross-
compensation in the measurement of Mhe operation under reduced pressure (about 4 isP
enabled thanks to the use of a venturi vacuum p@R§D10 SI32-3X4, feed pressure 400 kPa,
maximum vacuum flow of 3.2 NL/s (5.880°> Nm>s™) at -40 kPa). In order to monitor the pressure in
each tube, absolute pressure transmitters withhmgereells equip each tube entrance. The measurement

scale is 0-400 kPa and the precision is +/- 0.30%efull scale.

2.3-Experimental conditions

The investigated temperature range is 1823-207Befperature was proved to be homogeneous in
the graphite cavity according to numerical simolasf®>. They also confirmed that the gas temperature
has reached the wall temperature at the pyrometgtign (Fig. 2). The methane mole fraction varies
between 10% and 100% with a total methane flow-ratging between 0.8 NL/min and 12 NL/min
(1.3%10° and x10* Nm°s?). The absolute pressure is about 40 kPa insideubes. The flow is
laminar (Reynolds number < 2000). The typical meamnation of an experimental run at a given
temperature is 45 min before tube blocking (dueaitoon accumulation), and it depends strongly en th
experimental conditions (dilution ratio, methanewfirate and conversion). The pre-heating period is

about half an hour.

3-Results and Discussion

For each experimental condition, various parametersalculated:
» The residence time of the gas species is calculated by dividing tbieiwme of the isothermal

part of the tube (part inserted in the graphitdatgatig. 2) by the volumetric inlet flow-rate of
8



argon and methane at the real tube temperaturgssure. It is often referred as “space
time”?. It permits to give a characteristic reaction tieeen if chemical expansion is not

included. In the following discussion, “residenced” will always refer to this definition.

=V
=% )
» The CH, conversion gives the proportion of methane that been transformed and it is
defined as:

_Focra—F .y
XCH4T (3)

» The H yield is the proportion of methane that has beemverted into hydrogen and it is

calculated from:

_ F.ye
Y 2.Focha “)

» The C yield is the proportion of methane that hasrbconverted into solid carbon and it is
expressed as:

_Focra-(F.yers +2.F . yeomo +2.F . Yeona + 2.F . YcoHs) (5)

Ye Focha

where Focra is the inlet molar flow-rate of CHYy: is the mole fraction of species i, and F is thalto
outlet flow-rate (including argon as buffer gasjaibed from:
F=Far +F.ycHs +F .y +F.YcoHo +F.ycoms +F.YcoHs (6)
Far is the molar flow-rate of Ar.
» The reactor thermo-chemical efficiency represdmesfitaction of solar energy that is converted
and stored in a chemical form as hydrdden

/7ch — FD,CH4. X CH4.AH Reactard(To) - ProductéTreactoy (7)
I:?solar

* The reactor thermal efficiency also takes into aotdhe heating enthalpy of both the non-

converted reactants and the inert gas, it is espreas:



T reactor Treactor

FO,CH4.(1—X CH4). J. Cp:H4.d-r+|'—t),CH4.XCH4.AH Reactantdo) - ProductéTreactoy + FAr J. CpArdT

”th - b I:)solar b (8)

whereAH (J.mol") is the enthalpy change of the reaction (1) whenreactants are fed ag=P98 K
and the products are obtained atdos Psolar IS the solar power input (W), €is the specific heat of
species i (J.mdLK™, function of temperature).

This set of indicators is the foundation of thecdssion below.

3.1-Steady state, stability, reproducibility

CH, and H off-gas mole fractions given by the on-line analyare plotted in Fig. 3, along with the
temperature measured by the pyrometer. Four cotige@xperimental conditions are represented: the
first run is carried out with 36 NL/min x80* Nm°s?) of Ar and 8 NL/min (1.3810* Nm®s™') of CH,,
the second run with 36 NL/minX60* Nm>s?) of Ar and 12 NL/min (210* Nm®s™) of CH,, the third
run is identical to the first in order to test regucibility, the last run is carried out with 28 tin

(4.67%10* Nm®s?) of Ar and 8 NL/min (1.3810% Nm®s?) of CH,,
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Figure 3. On-line H, and CH off-gas mole fractions and temperature versus fondour consecutive

runs

First, a plateau on the,tbff-gas mole fraction is obtained for the firstad experimental conditions
after about 1 to 2 minutes. It shows that steadyesis rapidly reached. For the last experimental
condition, this plateau is not observed even &temnin. and the KHmole fraction increases with time.
This is due to a pressure increase in the reachmstas a result of tube blocking by carbon depaosit
Consequently, the residence time increases andesttie Hyield. The pressure can increase from 40
kPa to 100 kPa in a few minutes, consequently xperament is stopped.

Then, the first and third experimental runs prokat tthe same results are achieved for the same
experimental conditions, both for,tand CH off-gas concentrations (less than 1% differencehen
CH, conversion and Hyield); and that there is no influence of the jpjwerg experimental conditions.

Finally, the temperature measurement shows fluctositdepending on the presence or absence of

methane in the flow. As soon as methane is injedtesl temperature decreases whereas it increases
11



when stopping the methane flow (argon flow-ratenaintained). The variation is about 20-30 K. The
decrease of temperature when Qslinjected stems from the endothermic dissoamatéaction. Thus, a
slight reactor over-heating was set under argow fiefore CH injection to anticipate the temperature

decrease and to reach the given reaction temperdiusing experiments.

3.2-Temperatureinfluence

A maximum working temperature of 2073 K has bedmnea@d. In Fig. 4, Ckiconversion and £,
mole fraction are plotted versus residence timedftierent temperatures (1823 K, 1973 K, and 2073
K). The methane mole fraction in the inlet gas &ptkconstant at 20%. The total gas flow-rate is
changed, which thereby determines the gas residimee The influence of temperature is clear: the
higher the temperature, the higher the conversioma fjiven residence time. For a 11 ms residenoe, ti
CH, conversion is 79%, 93%, and 100% at 1823 K, 1972&nd 2073 K, respectively. The methane
conversion is total for temperatures higher tha23l& and residence times longer than 25 ms.
Concerning GH, mole fraction in the off-gas, it seems to be maffected by residence time than by

temperature. The lowesti, concentrations are reached for the highest reseltmes.
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Figure 4. Temperature dependence of £tdnversion and £, off-gas mole fraction versus residence

time (CH; mole fraction in the feed: 20%)

Assuming a first order kinetic expressibmnd an ideal plug-flow reactor model, the resigetime

can be calculated frofh
kr=—(1+a) BIn(1-XcHa)—a X cHa 9

where « is the chemical expansion factgs, is the physical dilatation factor, and k is thadkic rate

constant, following an Arrhenius law:

k=ko.exp(-B/RT) (10)
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where E denotes the activation energy (J/mol),the pre-exponential factor{s R the universal gas

constant (8.314 J/mol K), and T the absolute teatpez (K).

Thus, it is possible to determine the kinetic datior different experimental temperatures. Datarfro
previous reported results at lower temperafirage also included. Then, from the plot In(k)=f(L/&
linear regression (determination factor = 0.998Res estimating a pre-exponential factor of 1.42x1
s' and an activation energy of 172 kJ/mol. These aglare consistent with previously reported
activation energy for heterogeneous (catalytic)haeé decomposition. The produced carbon black can
play the role of cataly5t This simplified model permits to estimate that thcertitude (for T=1823 K)
on CH, conversion is +/- 1% for a temperature incertituafe+/- 10 K (that corresponds to the
incertitude of experimental temperature measuresheSimilarly, the incertitude on GHonversion is
less than +/- 2% if the residence time is estimaited/- 10%. A variation of +/- 6% of the activatio
energy (estimated incertitude of the slope) alsiectéd the CH conversion by +/- 17%. Thus,
uncertainties on the temperature or the resideinoe have a weak influence on the Cebnversion,
whereas the value of the activation energy is neatieal and it just provides an order of magnituade

the kinetic parameters.

3.3-Residence timeinfluence

The influence of residence time was studied avargtemperature for a constant QHole fraction in
the feed gas mixture (10%). Residence times betw8&ams and 70 ms were tested at 1823 K (Fig. 5).
For clarity reasons, £, mole fraction is not represented because it waays below 400 ppm. Elg

was not detected.
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Figure 5. CH, conversion, Hyield, C yield, CH and GH, off-gas mole fractions versus residence time

(T =1823 K, CH mole fraction in the feed: 10%)

In order to change the residence time, flow ratesewnodified. The first conclusion is that the CH
conversion and the Hyield are improved when increasing the resideime.tA more in-depth analysis
of the results also gives a scheme of the methacendposition sequence. For residence times between
15 ms and 18 ms, the,Meld increases due to a better t¢composition rate (off-gas concentration of
CH, decreases), while the off-gas concentration #f,Glightly increases. It means that methane is first
converted into acetylene (2GH- C,H, + 3H,), thus releasing 1.5 mole of,Hper mole of CH
converted. For longer residence times, theg/idld is enhanced due to acetylene decomposi8onilar
trends are observed in Fig. 4. For the lowest teatpee (1823 K), gH, off-gas concentration presents
a maximum whereas it decreases quite monotoniéailyigher temperatures because the maximum
may occur at shorter residence times. This suggieatshe rate of £, formation becomes lower than

the rate of GH, decomposition at any temperatures. Acetylene tatest a reaction intermediate as
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reported previousfy. Carbon yield is also represented and it can [semied that the decrease in the
C,H, off-gas concentration corresponds to an increasearbon yield. gH, is thus converted into
carbon black and H A residence time of 70 ms is needed in orderetxh an off-gas £, mole
fraction lower than 0.5%. A methane mole fractioh 5% in the feed gas mixture was also
experimented at 1923 K for a residence time of 89and the resulting off-gasid, mole fraction was
less than 300 ppm. With pure methane in the feeatthdwt any argon flow), a residence time of 124 ms
at 1923 K was reached and the off-gabl£omole fraction was below 400 ppm. To increase hyeno
yield and avoid acetylene formation, long contanes are required, whereas very high temperatuees a
not favourabl®.

Instead of speaking in terms of space time basethennlet gas flow-ratet(= V,/Qo), it would be
possible to calculate the mean residence timetdkas into account the flow-rate at the exit of the

reactor:

— \YA
QB+ X 0) )

If the reference is taken at the entrance of ththeymal part of the reactor where the reactiomuis;c
thenp=1. Thus,t = 1.10t, for a 10% CH mole fraction in the feedx(= 0.1) and X%uns=1. The “real”
residence time (time required for an inert tracecross the reactor volume) is thus between theespa
time and the mean residence time. For sufficielttidh with argon, simulation resuffsconfirm that
there is no significant difference between the I"reasidence time and the space time. Obviouslg, th
space time must be twice the mean residence timenwlomplete dissociation is reached for pure
methane. For this study on the influence of thedesxe time, a ClHmole fraction of 10% is low

enough to assimilate the space time to the re@leese time.

3.4-Influence of the CH,4 molefraction in the feed
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The influence of the methane concentration wassitigated with a constant flow-rate of argon (18
NL/min, 3x10* Nm®™) and a methane flow-rate varying from 2 NL/min10 NL/min (3.3%10°-
1.6710* Nm*s?), that is to say, a methane mole fraction in teifvarying from 10% to 36% (Fig. 6).
The corresponding residence times, calculatedeatitiual tube temperature (1923 K) and pressure of
each experimental condition, varies from 20 ms#arks. Thus, the residence is almost constant. Both
CH, conversion and Hyield are plotted. The Cftonversion is actually declining when increasirigy, C
mole fraction in the feed. This may be due to theéothermic reaction. The Hield seems to dwindle
sooner. Then, the higher the €idole fraction in the feed gas, the higher the amofitd, produced,
but the lower the Cldconversion. Nevertheless, 93% £t¢bnversion and 74% Hield are still reached
for a CH, mole fraction of 36% in the feed. Consequentlgréasing the ClHmole fraction in the feed
gas up to 36% allows enhancing the thermo-chenetiidiency, because a fairly good chemical
conversion is maintained. An additional experimentza was also carried out at 1923 K for 100%
methane in the feed. The dissociation was comptbteoutlet H flow-rate was twice the inlet CH
flow-rate. The residence time was 62 ms for 4 NW/if@.6&10° Nm’s?) of CH, (mean residence time
from Eqg. 11 of 31 ms). The quantity of by-produetas negligible. Therefore, this run shows that
reaction completion can be achieved with pure mmetha the feed for a residence time much longer
than the one used in Fig. 6. Nevertheless, one paist out that the long residence time due toldlne
gas velocity caused a substantial carbon deposihentubes. Even if increasing the mole fraction
improves the efficiency of the reactor, high methaoncentrations along with high residence times

favor carbon deposition.
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Figure 6. CH, conversion and Hyield versus Ckimole fraction in the feed at 1923 K

3.5-Methane cracking ver sus natural gas cracking

40

Natural gas was introduced instead of methane &mee the effect of feedstock composition. A

chromatography analysis of this natural gas higitighe presence of about 9.5 % ethane and trace

amounts of C@and N. Fig. 7 plots the mole fractions obHC,H,, and CH as a function of residence

time for methane cracking and natural gas crackixgeriments at 1873 K. The comparison shows a

small discrepancy limited to a few percents, whighn the range of experimental uncertainties. As

predicted by the Dsmoke kinetic softwdrehere is no difference between natural gas cnacknd pure

methane cracking for a residence time higher thansl The only difference is expected for shorter

residence times due to the presence of ethats)that is easier to decompose than,CH
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Figure 7. Off-gas H, C:H,, and CH mole fractions for methane cracking (M) and ndtges cracking

(NG) (T = 1873 K)

3.6-Carbon and hydrogen mass balances

A mass balance was established based on a serfeg)gierimental runs at 1923 K with a constant

argon flow-rate of 18 NL/min (8.0% Nm°s') and a methane flow-rate varying from 2 NL/min1®

NL/min (3.3%10°-1.6%10% Nm>s™). Fig. 8 plots the off-gas mole fractions of, -CH,;, and GH,

throughout the experiment. The mass balances &@eld by integrating these data.
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Figure 8. H,, CH,, and GH, mole fractions in the off-gas versus time (T = 1923Ar flow-rate: 18

NL/min)

The reactor tubes and the filter were weighted teeind after experiments. The mass of carbon
accumulated in the tubes was 26.4 g, while 1.5 gadbon was recovered in the filter. A total of B16
NL (0.1465 Nni) of methane was introduced in the reactor. Thenass balance between the recovered
solid carbon and the amounts of gaseous spectbs ioff-gas shows that 93% of the initial carborssna
and 92% of the initial hydrogen mass are retriezethe exit according to the following calculations

(only Hp, C, CH,, and GH; are taken into account, the other hydrocarbonsegected):

Mera  2Me2Hz . NE

C(ratio)—MCH4 rrl\t/)lglijz Mc (12)

Mo,cHa
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4AmcHa . 2MceH2 4 2Mh2

H(ratio)= M cha 4|\|4|bc§|l-_|51 M H2 (13

Mo,cHa

Fig. 9 shows the H mass balance. 75% of H atorfmiisd as H gas, 14% is in the form of,8,, 3% is
contained in the unconverted ¢Hand the remaining 8% is thus attributed to otialrocarbons. A
fraction of the missing H-content may also be foumdhe carbon black although the H-content in the
channel black (that presents the largest amouhyarfogen) is less than 1% (mofafccording to this

balance, CHlis efficiently converted into $(75% H yield).

B Hydrogen in CH4

///////////////A//////// 2 O Hydrogen in C2H2

Bl Hydrogen in other HC

Pure hydrogen

Figure 9. Typical H balance (T = 1923 K, Ar flow-rate: 18 hthin)

Fig. 10 shows the C mass balance. 54 % of the nasbmontained in §H,. Only 36% of the carbon is
recovered as solid carbon either in the reactoegu84%) or in the filter (2%). 3% of carbon stays
the unconverted CH The remaining part (7%) may be contained in othgidrocarbons or may
correspond to un-removed solid carbon. Methanetissa well converted into solid carbon as it i$lin

due to the substantial presence gfle
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fZ Carbon depositin the tube

39, 7% W Carbon in the filter

Carbon in C2H2

54% 2%

& Carbon in the remaining CH4

Z Carbon missing (unremoved
deposit, other hydrocarbons...)

Figure 10. Typical C balance (T = 1923 K, Ar flow-rate: 18 Mkin)

3.7- Efficiency of thereactor

Owing to the production of by-products, the theroh@mical efficiency as defined previously in Eg.
(7) is not perfectly suitable. Indeed, it only gsvie real efficiency of the reactor if the disstion was
complete, otherwise it is under-estimated. Accaydim previous kinetic analyses of the reaction waith
detailed chemical mechanism modejHeg and GH, are rapidly decomposed, angHz is the only by-
product present in appreciable amount at the exithe reactd’, which is consistent with the gas

analysis results. Thus, a two-step dissociatioemehis proposed according to the experimentaltsesul

CH,>3/2 Hy+% GH, endothermal\H,° = 188 kJ mot*
(14)

C,Hy H+2C exothermahH,° = -227 kJ mot*
(15)

The standard enthalpy of methane-to-acetylene foomgEqg. 14) is more than twice the standard
enthalpy of single-step methane dissociation (Bg.Ii addition, a part of acetylene formed from
methane is not dissociated into hydrogen, as showthe analysis of the exhaust gas stream. This

intermediate step involving acetylene must be tak#o account in the calculation of the reactor
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efficiency. The fractional conversions of the swstee reactions (14) and (15) are the solutionthef
following system:

Fro= (V2.X.Y+3/2.X ).Focr, (16)

Fean=(1-Y)1/2.X .Fochy (17)

where Y is the fractional conversion of reactio®)(tlefined as Y=f/Fo con2 WhereFo conz is the
molar flow-rate of acetylene issued from reacti@d)(The fractional conversion X of reaction (14)
should be equal to the Gldonversion Xu4 defined in Eq. (3) if the real chemical mechanisas only
composed of reactions (14) and (15). Neverthelbss,assumption is not exactly satisfied since X is
always smaller (about 6%) thancpg. This proves that the chemical mechanism incluatiditional
steps and intermediaf8¢® However, this two-step reaction model can faidgcribe the production of
the three major species (C;H3, and B) in a simple realistic way. Then, a more accuexigression of

the thermo-chemical efficiency can be written as:

Treactor

Focha. X . J‘ CpeHa.dT+FocHa. X .AH1(Treacto) +1/2.Fo.cHa. X. Y.AH 2( Treacto)

'ch,new— To 18
,7 " I:')solar ( )

and the thermal efficiency becomes:

Treactor Treactor

Fo.che. j Cpera.dT+Ro.cHe X AH(Treacto)+ U2.Fo.cre. X. Y.AH 2( Treacto)+ Far j CpardT

,new— To To 19
,7th I:')solar ( )

For each run, the solar power is calculated frolarzaetric measurements at the center of the reacto
aperture. As a first approximation, the solar ftlensity is assumed homogeneous at the aperturety whi
may lead to a slightly over-estimated solar powée net solar power absorbed varies between 16.9 kW
and 25.8 kW depending on the working temperatutedren 1823 K and 2073 K. Fig. 11 illustrates the
evolution of the above defined efficiencies at 18231873 K, 1973 K, and 2073 K. For each
temperature, the CHmole fraction in the feed was 20%. Obviously, thermo-chemical efficiency
(Eq. 18) is always lower than the thermal efficiefEq. 19). The calculated reactor thermo-chemical
efficiencies are improved when accounting for tlmespnce of acetylene as a high energy value by-
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product. In contrast, £, formation lowers the power available for metharssatiation. Indeed, the

amount of energy consumed per mole of convertedhanetis higher in the two-step endothermal and

exothermal reaction schemAH;+%2.Y AH,) than in the single-step GHlissociation AH;+%2AH,).

Thus, the fraction of solar energy devoted to teacénthalpy is strengthened whepHg intermediate

is considered in the calculation.
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Figure 11. CH, conversion and reactor efficiencies (for a sirgilp reaction model or a two-step

mechanism) as a function of temperature and ftiw-rate (CH, mole fraction in the feed: 20%)

For a given temperature, an increase iny @blv-rate results in significant efficiencies ingmement

(both thermo-chemical and thermal), but in courddrfi affects the Ckiconversion, especially at low

temperature. At 1823 K, CHtonversion is only 79% for 6 NL/minX10* Nm®s") of fed CH,, whereas

CH,4 conversion is almost complete at higher tempeeatu©On the basis of the reported reactor
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efficiencies, an optimum temperature for reactagrapon may exist. Indeed, Gldonversion exceeds
95% for temperatures higher than 1873 K, whilerttadrefficiencies tend to decrease when increasing
the temperature (9.3% at 1823 K and 7.4% at 207& & NL/min (1x10* Nm>s™) of CH,). This is due

to the increased solar power input when raisingehgperature, and to more induced radiation lodses.
order to maximize both the GHtonversion and the thermal efficiency of the regca temperature
between 1873 K and 1973 K is advised, the smalilestg preferable for coupling the process with
existing solar concentrating technologies. Theropth temperature range has been identified on the
basis of optimized reaction efficiencies. Furtheorkvis required to optimize as well the solar
concentrating systems and the carbon black presetthat are both key issues for the process
economics. A 50 kW pilot-scale solar reactor is amdonstruction to produce larger quantities of
carbon black and to determine its properties. Tlnnheat losses in the current solar reactor were
identified to be infrared radiation emission thrbutpe window and conduction through the water-
cooled front face. For increasing reactor efficieacthe front face insulation should be improvad a

higher solar concentration ratio is required toimire IR-radiation losses.

4-Conclusion

Solar thermal dissociation of methane was invest@jan a multi-tubular solar reactor prototype
operating in the high temperature range 1823 K73Z0. A wide range of experimental conditions was
tested: methane flow rate up to 12 NL/mixX@* Nm>s™), CH, mole fraction in the feed up to 100%,
and residence time from 10 ms and beyond 100 mg.cGhlversion chiefly increased with temperature
and residence time, whereagHg content in the off-gas was more lowered when mgishe residence
time than the temperature. C and H mass balanosgeshthat GH, formation strongly alleviates the C
yield. Moreover, a two-step reaction mechanism praposed involving ¢H, intermediate. The highly
endothermic @H, formation lowers the power available for methamesaciation. Both thermal and

thermo-chemical efficiencies are improved when easing the methane flow-rate in the feed. The
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lower the temperature, the longer the requireddessie time for reducing 8, formation. A
temperature of about 1873 K is advised to optirbizth the methane conversion and the reactor thermal
efficiency. A test with a different feedstock comsgmn (natural gas instead of methane) did notifgod
the reactor performances.

A 50 kW pilot solar reactor is currently under couastion to investigate the process at a largelesca
and to characterize the properties of the solatywed carbon black with respect to the commercial

standards.
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Nomenclature:

Coi specific heat of species i (J/mol.K, function ahfgerature)
E. activation energy (J/mol)

F total molar flow-rate (mol/s)

F molar flow-rate of species i (mol/s)

Foi inlet molar fow-rate of species i (mol/s)

AH° standard reaction enthalpy (J/mol)

ko pre-exponential factor 3

m; mass of species i (kg)

M; molecular weight of species i (kg/mol)

NL Normal Liter @t normal conditions: 101.325 kPa and 273.15 K)

26



P absolute pressure (Pa)

Psolar SOlar power input (W)

Qo volumetric inlet flow-rate of argon and methanetla actual tube temperature and pressure
(m3/s)

R  universal gas constant (8.314 J/mol K)

T  absoluteaemperature (K)

To reference temperature (298 K)

Vi volume of the isothermal part of the tubes whieereaction occurs (n

XcHa methane conversion

Yc carbon yield

Yu. hydrogen yield

yi  mole fraction of species i
Greek letters

T  space time (S)

Tm Mean residence time (S)
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