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A transient heat transfer model is developed for a reacting flow of CH4 laden with carbon particles directly
exposed to concentrated solar radiation and undergoing thermal decomposition into carbon and hydro-
gen. The unsteady mass and energy conservation equations, coupling convective heat and mass transfer,
radiative heat transfer, and chemical kinetics for a two-phase solid–gas flow, are formulated and solved
numerically for both phases by Monte Carlo and finite volume methods using the explicit Euler time inte-
gration scheme. Parametric study is performed with respect to the initial particle diameter, volume frac-
tion, gas composition, and velocity. Validation is accomplished by comparing temperatures and reaction
extent with those measured experimentally using a particle-flow solar reactor prototype subjected to con-
centrated solar radiation. Smaller particles and/or high volume fractions increase the optical thickness of
the medium, its radiative absorption and extinction coefficients, and lead to higher steady-state
temperatures, reaction rates, and consequently, higher extent of chemical conversion.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Hybrid solar-fossil thermochemical processes make use of con-
centrated solar radiation as the source of high-temperature process
heat [1–3]. Industrially relevant examples include the thermal gas-
ification of carbonaceous materials [4–6], the thermal cracking of
natural gas [7–9], the thermal reforming of natural gas [10–12],
and the carbothermic reduction of metal oxides [13,14], for pro-
ducing synthetic fluid fuels with upgraded calorific value. These
hybrid solar-driven processes offer viable and efficient routes for
fossil fuel decarbonization and CO2 avoidance, and further create
a transition path towards solar hydrogen. The solar chemical reac-
tors for effecting these high-temperature gas–solid transforma-
tions usually feature cavities containing directly-irradiated
reacting particles, to provide efficient energy transfer to the reac-
tion site, bypassing the limitations imposed by indirect heat trans-
fer through reactor walls [15]. Chemical reactors based on the
concept of direct irradiation require matching the rate of radiative
heat transfer to the rate of the chemical reaction. Modeling such an
interaction is needed for anticipating the consequences of a given
design decision on the reactor’s performance, and for optimizing
ll rights reserved.
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the reactor design for maximum solar-to-chemical energy conver-
sion efficiency.

Previous pertinent studies of transient radiative heat transfer in
solar-driven solid–gas reactions include models for suspensions of
coal particles undergoing steam gasification [16,17], packed beds
of CaCO3 particles undergoing thermal decomposition [18], and
of ZnO particles undergoing thermal and carbothermal reduction
[19–21]. Steady-state radiative transfer analysis of solar reactions
was applied for the thermal decomposition of CH4 [22], solar com-
bined CH4-reforming and ZnO-reduction [23], gasification of coal
[24,25] and petroleum coke [26]. Examples of analyses of non-solar
reactors involving heterogeneous chemical systems include coal
gasification in packed beds [27], fluidized beds [28], and entrained
gasifiers [29], combustion in porous burners [30,31], and biomass
pyrolysis [32]. Further examples of radiative heat transfer analyses
include studies on direct absorption of concentrated solar radiation
by particle suspensions [33–35].

In the present paper, a transient radiation-convection heat
transfer model is developed for a reactive two-phase system com-
posed of a CH4 flow laden with C particles, whose thermal and
optical properties vary as the decomposition reaction progresses.
Temperatures and gas composition are computed for boundary
and initial conditions (initial/inlet particle diameter, particle vol-
ume fraction, gas phase composition, inlet gas velocity, and inci-
dent solar radiative flux) anticipated for a solar reactor. Emphasis
is placed on the detailed investigation of the wavelength and direc-
tional depended radiative exchange within the particle suspension.
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Nomenclature

A absorbed cumulative fraction of incident radiation
Bi Biot number
�cp specific heat at constant pressure (J mol�1 K�1)
d particle diameter (m)
Ea activation energy (J mol�1)
f particle-number based size distribution function (m�4)
fv particle volume fraction
h heat transfer coefficient (W m�2 K�1)
�h specific enthalpy (J mol�1)
Ik spectral radiation intensity (W m�3 sr�1)
k thermal conductivity (W m�1 K�1)
k0 frequency factor (s�1)
k̂ unit vector of the z-Cartesian coordinate
L slab thickness (m)
M molar mass (kg mol�1)
m complex refractive index, m = n � ik
Nrays total number of stochastic rays in the simulation
_n molar flux (mol s�1 m�2)
p pressure (Pa)
Q efficiency factor
_q heat flux (W m�2)
R universal gas constant (8.314 J mol�1 K�1)
�r reaction rate (mol s�1 mol(C)�1)
Sk spectral radiation source function (W m�3 sr�1)
s path length (m)
ŝ unit vector into a given direction
T temperature (K)
t time (s)
V volume (m3)
XCH4 extent of methane conversion
z Cartesian coordinate (m)
�x mole fraction

Greek symbols
b extinction coefficient (m�1)
C number of particles per unit volume (m�3)
_c particle number flux (m�2 s�1)
d Kronecker delta function
e emissivity
g wavenumber (m�1)
j absorption coefficient (m�1)
k wavelength (m)
m stoichiometric coefficient

q density (kg m�3); mass concentration (kg m�3)
�q molar concentration (mol m�3)
r Stefan–Boltzmann constant, r = 5.6704 � 10�8 W

m�2 K�4)
rsca scattering coefficient (m�1)
U scattering phase function

Other symbols
r Nabla operator
R random number from a uniform distribution (0, 1)

Subscripts
abs absorption
Ar argon
b blackbody
C carbon
CH4 methane
c conduction
e external source of radiation
exp experimental
ext extinction
g gas phase
H2 hydrogen
i incoming
num numerical
outlet flow outlet
P Planck mean
p particles; solid phase
r radiative
ray generic ray in MC
sca scattering
surr surroundings
k spectral
0 initial/inlet
32 Sauter-mean

Abbreviations
CCD charge-coupled device
GC gas chromatography
IR infrared
MC Monte Carlo
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2. Problem statement

The two-phase system domain is depicted schematically in
Fig. 1. It consists of a 1D slab containing l-sized C particles sus-
pended in a CH4–H2–Ar gas mixture. The gas–particle flow is di-
rectly exposed to an external source of concentrated solar
radiation, assumed to have Planck’s spectral distribution of a black-
body at 5780 K. Each phase is modeled as a non-uniform and non-
gray absorbing–emitting–scattering medium. The boundaries are
modeled as black plane walls at Tsurr = 0 K (non-participating sur-
roundings). The composition of each phase and its thermal and
optical properties vary with time due to the heterogeneous endo-
thermic reaction occurring at above about 1500 K.

Each particle is assumed isothermal, as justified by the Biot num-
ber Bi� 1 for the considered size range of the particles. For an opaque
particle at temperature Tp suspended in gas flow at Tg < Tp, sur-
rounded by cold walls and irradiated by an external flux _qe, Bi is here
defined as the ratio of the internal conduction heat transfer resistance
to the external radiation-convection heat transfer resistance,
Bir ¼
d e _qe

Tp�Tg
� rðTp þ TgÞðT2

p þ T2
gÞ

h i
� h

n o
kc

: ð1Þ

Each phase is modeled as a quasi-continuous medium using its
effective volumetric transport properties [36,37]. The C particles
are modeled as absorbing, emitting, and anisotropically scattering,
while scattering is neglected for the gas phase. The flow is assumed
to be laminar in the direction perpendicular to the boundaries.
Radiative and convective heat is exchanged between particles and
gas. Mass and heat diffusion are omitted from consideration, thus
significantly simplifying the flow analysis [38]. The kinetics of
CH4-decomposition,

CH4 ! C + 2H2 ð2Þ

was previously modeled for non-solar [39,40] and solar-driven
[41,42] reactors. In this study, a simplified first-order Arrhenius-
type rate law was applied for a flow of CH4 laden with l-sized
carbon particles, given by:



Fig. 1. Scheme of the 1D system domain consisting of a particle–gas mixture
exposed to an external source of concentrated solar radiation and undergoing
heterogeneous thermochemical reaction.
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�r ¼ �q�1
C;expk0 exp � Ea

RT

� �
�qCH4 ; ð3Þ

where k0 = 1.07 � 106 s�1, �qC;exp ¼ 8:84 mol m�3, and Ea = 147 kJ
mol�1 were determined experimentally in a solar reactor prototype
tested under concentrated solar irradiation [42]. This simplified rate
law can reasonably describe the reaction rate for the CH4-particle
flow conditions existing in the solar reactor (see Section 6), but
may not be applied to the catalytic decomposition reaction using
other catalysts or to reactors with different mass/heat transfer char-
acteristics. The carbon produced is assumed to deposit on the sur-
face of existing laden particles, resulting in their growth with
time and affecting their radiative characteristics. It is assumed that
the particle growth does not affect the reaction rate.

3. Radiative heat transfer analysis

Variation of the radiative intensity Ikðr; ŝÞ along path ŝ in a two-
phase medium, where the phases are at thermal non-equilibrium
to each other, is described by the equation of radiative transfer
in its extended form [37,43],

ŝ � rIk z; ŝð Þ ¼ Sk z; ŝð Þ � bk;p z; ŝð Þ þ ð1� fvÞjk;g z; ŝð Þ
� �

Ik z; ŝð Þ; ð4Þ

where Sðz; ŝÞ is the radiative source function,

Sk z; ŝð Þ ¼ jk;pðzÞIbk½TpðzÞ� þ ð1� fvÞjk;gIbk½TgðzÞ� þ
rsca;k;pðzÞ

4p

�
Z

4p
Ik z; ŝið ÞUk;p z; ŝi; ŝð ÞdXi; ð5Þ

and bk,p, jk,p, rsca,k,p are the spectral extinction, absorption, and
scattering coefficients of the solid phase, respectively, jk,g is the
spectral absorption coefficient of the gas phase, and Uk;pðŝi; ŝÞ is
the scattering phase function of the solid phase from ŝi into ŝ. The
corresponding boundary conditions for Eq. (4) are

� for collimated incident solar flux at z = 0,
Ik z ¼ 0; ŝð Þ ¼
_qe

rT4
e

pIkbðTpÞdðŝ� k̂Þ for ŝ � k̂ > 0; ð6Þ
� for diffuse incident solar flux at z = 0,
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Ik z ¼ 0; ŝð Þ ¼
_qe

rT4
e

pIkbðTpÞ for ŝ � k̂ > 0; ð7Þ

� for the boundary at z = L,
Ikðz ¼ L; ŝÞ ¼ 0 for ŝ � k̂ < 0: ð8Þ

Radiative properties of C particles are calculated by assuming
independent scattering and the refractive index of the gas phase
to be equal to unity [44]. The absorption and scattering coefficients
are computed by using the monodisperse approximation [43,45],

jk;p;rsca;k;p; bk

� �
¼ p

Z 1

0
Q abs;k;p;Q sca;k;p;Q ext;k;p

� �
r2f ðrÞdr

� 3f v

2d32
Q abs;k;p;Q sca;k;p;Q ext;k;p

� �
: ð9Þ

In Eq. (9), f(r)dr is the number of spherical particles of radius be-
tween r and r + dr per unit volume and d32 is the Sauter mean par-
ticle diameter [45]. The absorption, scattering, and extinction
efficiency factors and the scattering phase function are obtained
by applying the Mie theory [46], based on the particle size param-
eter n = pd/k in the range 10�2–102 and the complex refractive in-
dex of the particle m = n � ik approximated by that of propane
soot [47,48]. The absorption coefficient of the gas phase jk,g is com-
puted by applying the line-by-line model to the molecular spectro-
scopic database HITRAN-2004 for CH4 [49–51], to calculate the
high-resolution (Dg = Dk/k2 = 9.9 m�1) spectral absorption coeffi-
cient j	k;g in the wavelength range 10�7–10�5 m, which in turn is
used to calculate the low-resolution absorption coefficient of the
gas mixture by the box model [43],

jg;gðpCH4
;p0; TgÞ ¼

1
Dgbox

Z
Dgbox

j	g;gðpCH4
;p0; TgÞdg: ð10Þ

H2 and Ar are assumed to be radiatively non-participating. The
pathlength Monte Carlo method with ray redirection is applied
to compute radiative flux divergence in the gas and solid phases
[52],

o _qr;g

oz
¼
Z 1

0

ð1� fvÞjk;g

jk;p þ ð1� fvÞjk;g

o _qr;k

oz
dk

� ð1� fvÞ 4jP;grT4
g �

P
k

_qray;kjk;gdsk

dz

0
@

1
A; ð11Þ

o _qr;p

oz
¼
Z 1

0

jk;p

jk;p þ ð1� fvÞjk;g

o _qr;k

oz
dk � 4jP;prT4

p �

P
k

_qray;kjk;pdsk

dz
;

ð12Þ

where k designates a generic stochastic ray traversing in 3D the
path length dsk within sub-layer of thickness dz and carrying a por-
tion of radiative flux _qray;k ¼ _qe þ 4r

R L
0 jP;gT4

g þ jP;pT4
p

� 	
dz

� 	
N�1

rays.
The path length to a scattering event is

lnRs ¼ �
Z s

0
rsca;k;pðsÞds; ð13Þ

where Rs is a random number chosen from a uniform distribution
set between 0 and 1. The corresponding probabilistic cumulative
distribution functions for the wavelength and direction of emission
of each phase, and direction of scattering by particles are equivalent
to those employed in the classic collision-based MC for two-phase
media [53].



Table 1
Baseline parameters.

Parameter Value Unit

L 0.1 m
L/Dz 50 –
Nrays 106 –
p0 101,325 Pa
_qe 1.5 � 106 W m�2

Te 5780 K
Tg,0 300 K
Tp,0 300 K
Tsurr 0 K
esurr 1 –

Fig. 2. Spectral extinction and absorption efficiency factors of carbon particles for
selected particle diameters d = 1, 2.5, 5, and 10 lm.
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4. Mass and energy conservation equations

4.1. Mass conservation

Transient 1D mass conservation equations are formulated sepa-
rately for the solid and the gas phases. The molar concentration
and molar flux of the gas component i (i = CH4, H2, Ar) are obtained
from:

o�qg

ot
¼ � o _ng

oz
þ �qp�r

X
i

mi; �qgðt;0 6 z 6 LÞ

¼ ð1� fvÞp0

RTg
; _ngðt P 0; z ¼ 0Þ ¼ _ng;0; ð14Þ

oð�qg�xiÞ
ot

¼ � oð _ng�xiÞ
oz

þ �qpmi�r;
X

i

�xi ¼ 1; �xiðt ¼ 0;0 6 z

6 LÞ ¼ �xiðt P 0; z ¼ 0Þ ¼ �xi;0; ð15Þ

where mi is the stoichiometric coefficient of the gas component i in
reaction (2); mCH4 ¼ �1; mH2 ¼ 2, and mAr = 0. The molar concentra-
tion of carbon and the number of particles are obtained from:

o�qp

ot
¼ � o _np

oz
þ �qpmC�r; �qp ¼

qCfv
MC

; _npðt P 0; z ¼ 0Þ ¼ _np;0; ð16Þ

oCp

ot
¼ � o _cp

oz
; _cp ¼

6MC _np

qCpd3 ; C ¼ 6f v

pd3 ; ð17Þ

fvðt ¼ 0;0 6 z 6 LÞ ¼ fvðt P 0; z ¼ 0Þ ¼ fv;0; dðt ¼ 0; 0 6 z

6 LÞ ¼ dðt P 0; z ¼ 0Þ ¼ d0; ð18Þ

where fv,0 and d0 are the inlet and initial particle volume fraction
and diameter, respectively. The particle density of carbon is taken
as qC = 2270 kg m�3. Furthermore, the carbon molar flux and mean
particle diameter satisfy the following conditions,

_np ¼
_np;0 for z ¼ 0;
o�qp
o�qg

_ng for z > 0;

(
ð19Þ

d ¼
d0 for t ¼ 0;

6f v
pC

� 	1
3

for t > 0;

8<
: ð20Þ

where the particles are assumed to be suspended in the flow, thus
no relative movement between gas and particles is considered.
Eqs. (14)–(18) are derived by assuming no accumulation of gaseous
components, no creation of new particles, and negligible effect of
the gas volume change due to the particle growth.

4.2. Energy conservation

Transient 1D energy conservation equations are formulated
separately for the solid and gas phases. For the gas phase at con-
stant pressure,

�cp;g �qg
oTg

ot
¼ ��cp;g _ng

oTg

oz
� o _qr;g

oz
þ Cpd2hðTp � TgÞ

þ �qpmH2
�r �hH2 ðTpÞ � �hH2 ðTgÞ
� �

; ð21Þ

Tgðt ¼ 0;0 6 z 6 LÞ ¼ Tgðt P 0; z ¼ 0Þ ¼ Tg;0: ð22Þ

For the solid phase,

�cp;p �qp
oTp

ot
¼��cp;p _np

oTp

oz
�o _qr;p

oz
�Cpd2hðTp�TgÞ� �qp�r

X
i

mi
�hiþ �hC

 !
;

ð23Þ
Tpðt ¼ 0;0 6 z 6 LÞ ¼ Tpðt P 0; z ¼ 0Þ ¼ Tp;0; ð24Þ

where �hCH4 ¼ �hCH4 ðTgÞ, �hH2 ¼ �hH2 ðTpÞ, and �hC ¼ �hCðTpÞ. The limiting
sphere model [35] is employed to compute the partial heat transfer
coefficient hi between a particle and gaseous component i. The over-
all heat transfer coefficient is then h = xihi, assuming independence
from the inter-phase mass transfer and cross-interactions between
molecules of different gaseous components.

The finite volume method is applied to discretize Eqs. (11)–(24)
in space [38,54,55]. Time integration is performed by applying the
explicit Euler scheme [38,54,55]. Note that MC needs to be run at
each time step due to time-variation of the radiative characteristics
of each phase as the chemical reaction progresses.

5. Numerical results

The baseline simulation parameters are summarized in Table 1
and are used in all simulation runs unless stated otherwise.
Absorption and extinction efficiency factors of C particles are plot-
ted in Fig. 2 as a function of radiation wavelength for selected par-
ticle diameters d = 1, 2.5, 5, and 10 lm. As expected for geometric
optics, Qext,k,p approaches the value of 2 and Qabs,k,p the value of 1
for short wavelengths. Thus, refraction and reflection at short
wavelengths is negligible while scattering is due to diffraction.
Fig. 3 shows the scattering phase functions for two particle diam-
eters, d = 1 and 10 lm, and two radiation wavelengths k = 0.5 and
2 lm, corresponding to the peak for solar radiation and for Planck’s
emissive power at 1450 K (above which CH4-decomposition pro-
ceeds at reasonable rates), respectively. For d = 10 lm, the forward



Fig. 3. Scattering phase function of the particles for selected particle diameters d = 1 and 10 lm, and at radiation wavelength of (a) k = 0.5 lm and (b) k = 2 lm.
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scattering is highly predominant at both wavelengths, but this ef-
fect diminishes for d = 1 lm particles, especially at k = 2 lm. Tem-
perature response of the C particles at z = L/2 is shown in Fig. 4 for
selected initial and inlet particle diameters d0 = 1, 2.5, 5, and
10 lm. Both the heating rate and the steady-state temperature in-
crease with decreasing particle size. For d0 = 1 lm, 1500 K is
reached in approximately 0.1 s, and steady-state temperature of
1740 K is reached in less than 0.2 s, demonstrating the capability
of extreme heating rates in directly-irradiated solar reactors. Even
for d0 = 10 lm, steady state is still attained in less than 0.6 s. High-
er temperatures and heating rates with smaller particles are due to
augmented extinction of incident solar radiation, both by absorp-
tion and scattering, and due to the lower values of the ‘‘cut-off”
wavelength that limit the particles’ ability to emit radiation (see
also Fig. 3).

Fig. 5 shows the variation of the spectral absorption and extinc-
tion coefficients with time at z = L/2 for fv,0 = 10�5 and k = 0.5 lm,
and for two initial particle diameters d0 = 1 and 10 lm. The initial
jk,p for d0 = 1 lm is larger by one order of magnitude than that for
d0 = 10 lm. The rapid decrease of both jk,p and bk,p in the initial
150 ms is explained by the decrease of fv as a result of gas thermal
expansion during the rapid heating phase. This effect is more pro-
nounced for smaller particles as they reach higher steady-state
Fig. 4. Transient particle temperature at z = L/2 as a function of time for selected
inlet/initial particle diameters d0 = 1, 2.5, 5, and 10 lm.
temperatures. Thereafter, the radiation coefficients undergo a
slight but steady increase because of increasing fv caused by parti-
cle growth during CH4-decomposition. The latter effect cannot be
observed for the larger 10 lm-particles because of their lower
steady-state temperatures, as observed in Fig. 3, and hence a sig-
nificantly lower rate of CH4-decomposition and particle growth.

Fig. 6 shows the cumulative fraction of the incident solar radia-
tion being absorbed directly or after single or multiple scattering
along the slab at steady state for d0 = 1, 2.5, 5, and 10 lm. It is de-
fined as:

AðzÞ ¼
R z

0
o _qabs
oz	 dz	

_qe
: ð25Þ

The total amount of absorbed solar radiation increases dramatically
when the initial particle size is reduced: from about 12% for
d0 = 10 lm to over 65% for d0 = 1 lm.

Figs. 7–9 show the variation of the steady-state temperature
profiles across the slab with particle diameter (Fig. 7), particle vol-
ume fraction (Fig. 8), and CH4 molar concentration (Fig. 9). Increas-
ing fv,0 at constant d0 or decreasing d0 at constant fv,0 leads to
elevated steady-state temperatures as compared to those for the
baseline case because of higher jk,p and bk,p, and consequently
Fig. 5. Transient spectral absorption and extinction coefficients at z = L/2 for
fv,0 = 10�5, k = 0.5 lm, and for inlet/initial particle diameters d0 = 1 and 10 lm.



Fig. 6. Steady-state cumulative absorbed fraction of external radiation along the
slab for selected inlet/initial particle diameters d0 = 1, 2.5, 5, and 10 lm.

Fig. 7. Steady-state particle temperature profile along the slab for selected inlet/
initial particle diameters d0 = 1, 2.5, 5, and 10 lm.

Fig. 8. Steady-state particle temperature profile for selected inlet/initial particle
volume fractions fv,0 = 0.5 � 10�5, 1 � 10�5, and 5 � 10�5.

Fig. 9. Steady-state particle temperature profile for selected inlet/initial methane
molar fractions �xCH4 ;0 ¼ 0:1; 0:5, and 1.

Fig. 10. Schematic of the solar reactor prototype, featuring a flow of CH4 laden with
C particles and directly exposed to concentrated solar radiation.
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effective extinction. In contrast, an increase in CH4 concentration
lowers the temperatures of both phases in spite of increasing jk,g

as a result of the 2–5 times higher �cp of CH4 than that of Ar in
the relevant temperature range.

The computations revealed that for the range of particle sizes,
volume fractions, and methane molar fractions considered, the dif-
ference between the particle and gas temperatures at steady state
is insignificant and reached a maximum of 53 K for d0 = 10 lm,
fv,0 = 10�5, �xCH4 ;0 ¼ 0:5, and z/L = 0.01. External thermal radiation
is predominantly absorbed by the particles. For example, in the lat-
ter case, particles absorb about 100 times more effectively than the
gas. Heat transfer between the solid and gas phases is predomi-
nantly by convection and by gas IR emission.

6. Experimental

The engineering design and fabrication of a 5 kW particle-flow
solar reactor prototype has been described previously in detail
[56]: only the main features are summarized here. Fig. 10 depicts
its configuration. It consists of a 200 mm-height 100 mm-diameter
cylindrical cavity-receiver, made of 10 mm-thick steel alloy, con-
taining a 60 mm-diameter circular aperture. A 240 mm-diameter
3-mm thick quartz window is mounted 80 mm in front of the



G. Maag et al. / International Journal of Heat and Mass Transfer 52 (2009) 4997–5004 5003
aperture on a water-cooled conical copper funnel. Cooling and
purging of the window is accomplished by Ar injected through four
nozzles at the front cone. CH4 – pure or diluted with Ar – and laden
with carbon particles is injected through four inlet nozzles, located
30 mm behind the aperture, into the high radiative flux zone
where the particles are instantaneously heated to 1300–1500 K.
The gas–particle flow progresses towards the rear part of the reac-
tor as the reaction occurs. The products exiting the reactor were
cooled and filtered downstream. Experimentation was performed
at ETH’s High-Flux Solar Simulator [57]: a high-pressure Ar arc
close-coupled with a high precision elliptical trough reflector, to
provide an external source of intense thermal radiation that ap-
proaches the heat transfer characteristics of highly concentrating
solar systems. Incoming radiative flux at the focal plane was mea-
sured optically by a calibrated CCD camera focused on a water-
cooled Al2O3-plasma-coated Lambertian target, and integrated
over the aperture to yield the radiative power input, with an accu-
racy of 
9

13%. The mean radiative flux _qe was obtained by dividing
it by the aperture area. The mass flow rates were controlled using
Bronkhorst HI-TEC electronic flow controllers. The gaseous prod-
ucts were analyzed on-line by gas chromatography (GC, Agilent
High Speed Micro G2890A; 10 ppm detection limit; sampling rate
0.01 Hz), supplemented by IR-based detectors for CH4, CO, and CO2

(Siemens Ultramat 23; 0.2% detection limit; sampling rate 1 Hz),
and a thermal-conductivity-based detector for H2 (Siemens
Calomat 6; 50 ppm detection limit; sampling rate 1 Hz). A known
constant flow of N2 is injected into the exhaust line before the
gas analysis as calibration gas.

The reaction extent is defined as:

XCH4 ¼ 1�
�xCH4 ðt !1; z ¼ zoutletÞ

�xCH4 ;0
: ð26Þ

Fig. 11a and b shows the numerically computed and experimentally
measured temperatures and reaction extents, respectively, as a
function of the external radiative flux _qe in the range 664–
869 kW m�2 and for fixed fv = 9.2 � 10�5, _Vg ¼ 16:8 lNmin�1, and
�xCH4 ¼ 0:143. Fluka 05100 active carbon particles of d32 = 23 lm
were laden in the CH4 flow. The measured temperature, shown in
Fig. 11a, is the average of three type-K thermocouples located at
the inner reactor wall at z = 4 cm. The error bars correspond to
the maximum difference between the 3 values. The computed tem-
perature is taken for the gas phase and averaged over
2 cm < z < 6 cm. The temperature increased from 1194 K for
Fig. 11. Comparison between numerically computed (cases1 and 2) and experimentally m
[42]; case 2: using fitted Ea and k0.
_qe ¼ 664 kW m�2 to 1306 K for _qe ¼ 869 kW m�2. This increase is
the natural response of the reacting system to a higher absolute
amount of absorbed radiation to reach thermal equilibrium, which
in turn leads to an increase of the chemical reaction extent. As indi-
cated in Fig. 6, a considerable part of the incident external radiation
is lost by transmission, directly or after single or multiple scattering.
The cavity effect augmented radiation absorption by internal multi-
ple reflections on the reactor inner walls, but relatively high heat
losses were observed experimentally through the front part of the
cavity that was in direct contact with the water-cooled frontal cop-
per funnel.

Fig. 11b shows the measured and simulated extent of the chem-
ical reaction for two cases: (1) using Ea and k0 from [42], and (2)
using fitted Ea and k0. Considering the reasonable good tempera-
ture agreement shown in Fig. 11a, as well as the relatively low con-
tribution of the chemical reaction to the energy balance (<1% of _qe

is used to drive the endothermic reaction in these experimental
runs), the difference between the computed and measured XCH4

is attributed to the selected values of Ea and k0. In case 1, a weaker
dependence on _qe is obtained for the numerically computed XCH4

leading to an overprediction of XCH4 for _qe < 720 kW m�2. In case
2, the simulations were performed for Ea = 260 kJ mol�1 and
k0 = 1.35�1010 s�1, obtained by fitting the computed and measured
XCH4 . The increase in the values of the kinetic parameters is attrib-
uted to the effect of particle morphology variations as the chemical
reaction progresses.

The maximum measured and calculated reaction extents were
24% and 22%, respectively, both for _qe ¼ 869 kW m�2. The uncer-
tainties in the measured XCH4 are mainly due to the error of the inlet
gas flow controllers. The measured XCH4 exceeds the computed one
for _qe < 750 kW m�2 and the opposite is true for _qe < 750 kW m�2.
The relative difference between the computed and measured reac-
tion extent, defined as jXCH4 ;num � XCH4 ;expj=XCH4 ;num, is maximum at
55% for _qe ¼ 664 kW m�2 and minimum at 5% for _qe ¼ 763 kW m�2.

7. Summary and conclusions

A numerical model has been developed to compute tempera-
ture and chemical composition of a reacting two-phase solid–gas
flow initially composed of CH4 laden with carbon particles, and di-
rectly exposed to concentrated solar radiation. Maximum (steady-
state) temperatures in the range of 1700–1800 K were obtained for
initial carbon particles of 1–10 lm diameter and initial volume
easured temperatures (a) and reaction extents XCH4 (b). Case 1: using Ea and k0 from
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fraction in the range 5 � 10�6–5 � 10�5. The maximum CH4 con-
version in steady-state was 46.5% for the inlet and initial volume
fraction and particle diameter of fv,0 = 5 � 10�5 and d0 = 2.5 lm,
corresponding to maximum particle temperatures of 1780 K. Vali-
dation was accomplished by comparing the computed steady-state
temperatures and reaction extents with those obtained experi-
mentally using a particle-flow solar reactor prototype subjected
to concentrated solar radiation.
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[19] R. Müller, W. Lipiński, A. Steinfeld, Transient heat transfer in a directly-
irradiated solar chemical reactor for the thermal dissociation of ZnO, Appl.
Therm. Eng. 28 (2008) 524–531.
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