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A chemical reactor for the steam-gasification of carbonaceous materials (e.g. coal, coke, biomass) using
high-temperature solar process heat is modeled by means of a two-phase formulation that couples radi-
ative, convective, and conductive heat transfer to the chemical kinetics for polydisperse suspensions of
reacting particles. The governing mass and energy conservation equations are solved by applying
advanced Monte–Carlo and finite-volume techniques with smoothing and underrelaxation. Validation
is accomplished by comparing the numerically calculated temperatures, product compositions, and
chemical conversions with the experimentally measured values obtained from testing a 5 kW solar reac-
tor prototype in a high-flux solar furnace. A unique feature of the reactor concept is that the gas-particle
flow is directly exposed to concentrated solar radiation, providing efficient radiative heat transfer to the
reaction site for driving the high-temperature highly endothermic process.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Hybrid solar/fossil endothermic processes, in which concen-
trated solar radiation is used exclusively as the energy source of
high-temperature process heat, offer a viable route for fossil fuel
decarbonization and create a transition path towards solar hydro-
gen [1]. An important example of such hybridization is the endo-
thermic steam-gasification of carbonaceous materials (coal, coke,
biomass, etc.) to synthesis gas (syngas). The advantages of supply-
ing solar energy for process heat are fourfold: (1) the calorific value
of the feedstock is upgraded; (2) the gaseous products are not con-
taminated by the by-products of combustion; (3) the discharge of
pollutants to the environment is reduced, and (4) the need for the
energy-intensive processing of pure oxygen is eliminated [2]. A so-
lar chemical reactor was designed and a 5 kW prototype was fab-
ricated and experimentally demonstrated for steam-gasification
of petroleum coke (petcoke) in a high-flux solar furnace [3,4]. This
reactor features a continuous vortex-flow of steam laden with pet-
coke particles, confined to a cavity receiver and directly exposed to
concentrated solar radiation. The direct irradiation of the particle
suspension provided an efficient means of heat transfer directly
to the reaction site where the energy is needed; bypassing the lim-
ll rights reserved.
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itations imposed by conductive heat transport through the reactor
walls.

The present work is focused on the modeling aspects of such a
high-temperature chemical reactor, with emphasis on the funda-
mental analysis of heat and mass transfer in a directly irradiated
suspension of reacting particles. Radiative heat transfer in a poly-
disperse particulate medium is solved by the forward Monte–Carlo
(MC) method based on the pathlength approach with ray-redirec-
tion using equivalent monodisperse diameters [5]. Previous perti-
nent MC modeling studies include pulverized coal furnaces [6]
and solar reactors for coal gasification [7–10] and CH4 decomposi-
tion [11]. The mass and energy conservation equations for a two-
phase fluid flow coupling radiative, conductive, and convective
heat transfer with the reaction kinetics are solved iteratively by fi-
nite volume technique with Gaussian kernel smoothing and adap-
tive underrelaxation. The scheme developed here is able to deal
with concentrated thermal radiation input, polydisperse particu-
late media with spectral and directional optical properties, and
temperature-dependent chemical kinetics and fluid properties.
Validation is accomplished by comparing numerical and experi-
mental results.

2. Polydisperse particle suspension

The two-phase medium considered is composed of a solid
particulate polydispersion suspended in a gas mixture. The par-
ticle suspension is modeled as a non-gray absorbing, emitting,
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Nomenclature

As surface of solid particles (m2)
cp specific heat capacity (J/(kg K))
D particle diameter (m)
Dc diffusion coefficient (m2/s)
EA activation energy
ekb Planck’s blackbody spectral emissive power

(W/(m2 lm))
f particle size distribution function
fV solid volume fraction
h enthalpy (J/kg)
hc convective heat transfer coefficient (W/(m2 K))
i radiation intensity (W/(m2 sr))
K kinetic rate constant
k thermal conductivity (W/(m K))
k0 kinetic frequency factor
L characteristic length (cm)
M molar mass (kg/mol)
m mass (kg)
Np number of particles
Nu Nusselt number
n number of moles
p pressure (Pa)
Qa,s,ext absorption, scattering and extinction efficiencies for a

single sphere
_Q solar incident solar radiation (W)
_qsolar incident solar radiative flux (W/m2)
r radial coordinate (m)
ri mass specific reaction rate of specie i (mol/(g s))
R universal gas constant (J/(mol K))
Ri volumetric reaction rate of specie i (kg/(m3 s))
S cross sectional area (m2)
t time (s)
T temperature (K)
U overall heat transfer coefficient (W/(m2 K))

u velocity (m/s)
V volume (m3)
x axial coordinate (m)
XC carbon conversion
XH2O steam conversion
Yi mass fraction of species i
yi molar fraction of species i

Greeks
b extinction coefficient (m�1)
e emissivity
g particle effectiveness factor
j absorption coefficient (m�1)
l dynamic viscosity (kg/(m s))
q density (kg/m3)
U scattering phase function
/ energy source term (W/m3)
r Stefan–Boltzmann constant 5.67051 � 10�8

(W/(m2 K4))
rs scattering coefficient (m�1)
s relaxation time (s)
n size parameter

Subscripts
b blackbody
g gaseous phase
gr graphite
i species
in inlet
s solid phase
k spectral
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and scattering participating medium subjected to concentrated
thermal radiation. The initial particle diameters are in the
range 1–100 lm. Both solid and gas phases are involved in
the heterogeneous chemical reaction taking place predomi-
nantly on the outer surface of the solid particles and, to some
extent, on the inner porous surface of the particles. Typical
radiative equilibrium temperatures are in the range 1500–
1800 K. As the gasification reaction progresses and the solid
particles shrink, the thermal and optical properties of the par-
ticle suspension vary.

Representative relaxation times are compared for assessing the
relative importance of the different modes of heat transfer, namely
conduction, convection, and radiation. The reference time scale for
the fluid flow, sflow = L/u, equals 0.1 s, with L = 1 cm as the charac-
teristic length. For conductive heat transfer inside a spherical
particle, the relaxation time of its core temperature with respect
to a sudden change in its surface temperature [12], sconduction ¼
qscp;sD

2=ð4ksÞ, is 10 to 105 times shorter than sflow for 100 to
1-lm diameter particles, respectively. Uniform temperature is
therefore assumed for a single particle. For convective heat transfer
across a stationary sphere, Nu = 2 [12]. The relaxation time of the
temperature of a spherical particle submerged in a fluid at a differ-
ent temperature [12], sconvection ¼ qscp;sD2=ð12kgÞ, is comparable to
sflow for 100 lm particles. The energy conservation equation is
therefore solved for each phase separately. For radiative heat trans-
fer, the relaxation time of the particle temperature with surround-
ings at T0, sradiation ¼ qscp;sD=ð24reT3

0Þ, is 1 to 3 orders of magnitude
smaller than sflow. The temperature field is therefore mainly
influenced by the local divergence of the radiative flux and only
marginally by the heat transported by advection.

The polydisperse medium is characterized by its population
density, i.e. the particle size distribution function f describing the
number of particles found in an infinitesimal interval around diam-
eter D. For a sample containing a discrete number of particles Np

with diameters Di,

f ðDÞ ¼ 1
Np

XNp

i¼1

dðD� DiÞ ¼
1

Np

XNp

i¼1

wðD� Di;MDÞ ð1Þ

where the Dirac function d is substituted for a symmetric kernel
function w around 0 with bandwidth DD and with

R1
0 w � dD ¼ 1.

For simplification, the polydisperse medium can be described by a
set of equivalent monodisperse diameters defined as

Dpq ¼
R1

0 f ðDÞDp dDR1
0 f ðDÞDq dD

 ! 1
p�qð Þ

ð2Þ

where p and q are integer numbers between 0 and 3. D30, D31, D32

are applied for volume-based, volume-to-diameter-ratio based,
and volume-to-surface-ratio based phenomena, respectively.

3. Governing equations

The solid particles are assumed to be entrained in the gas phase,
as justified by the Stokes number in the range of 10�2–10�6. Con-
duction and diffusion in the flow direction are neglected, as justi-
fied by the Peclet numbers for conduction (Pe = uL/a) and for



Table 1
Approximate main elemental chemical composition, low heating value, and elemen-
tal molar ratios of H/C and O/C for Petrozuata Delayed coke

Element Molar fraction Mass fraction

C 62.1 88.21
H 34.66 4.14
O 0.77 1.46
N 1.37 2.28
S 1.1 4.16
LHV/kJ kg�1 35876
H/C 0.5581
O/C 0.0124
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diffusion (Pe = uL/Dc) in the order of 102. Steady-state mass conser-
vation for the mixture is then expressed by:
r � ðq � uÞ ¼ 0 ð3Þ

and for a single specie i by:

r � ðqYi � uÞ ¼ Ri ð4Þ

where Ri denotes the volumetric rate of production/consumption of
specie i. Steady-state energy conservation for the solid phase yields:

r � ðqh � uÞ ¼ /radiation � /convection � /chemistry ð5Þ

where the radiation source /radiation is given by the negative diver-
gence of the radiative flux �r � qr, the convection source /convection

is given by the convective heat exchange between the two phases,
and the chemistry source /chemistry is given by the enthalpy change
during the chemical transformation. Steady-state energy conserva-
tion for the gas phase yields,

r � ðqh � uÞ ¼ /convection þ /chemistry ð6Þ

Mean absorption coefficients of a typical product gas composition
(CO, CO2, H2, H2O) at 1 bar, calculated line-by-line using the HITEMP
database [13], are approx. 0.06 and 0.006 m�1 for radiation emitted
at 1800 and 5780 K, respectively. Absorption by the gas is therefore
neglected vis-à-vis absorption by the particles.

3.1. Energy source for radiation

The divergence of the radiative flux is obtained from the differ-
ence between absorbed and emitted radiation,

�r � qrðSÞ ¼ 4p
Z 1

k¼0
jkðSÞ

1
4p

Z 4p

x¼0
ikðS;xÞdx� ikbðSÞ

� �
dk ð7Þ

where the radiative intensity ik is given by the equation for radiative
transfer for a participating medium:

dik
dS
¼ �bkðSÞikðSÞ þ jkðSÞikbðSÞ þ

rskðSÞ
4p

�
Z 4p

xi¼0
ikðS;xiÞUkðx;xiÞdxi ð8Þ

For solid volume fractions fv < 10�3 considered in this study, the
independent scattering regime is valid [14]. Continuum absorption,
scattering, and extinction coefficients for the polydisperse medium
are then calculated as a function of the corresponding properties for
a single sphere [15]:

fjk;rs;k; bkg ¼
3f V

2
�
R1

0 fQ a;k;Q s;k;Qext;kgf ðDÞD2 dDR1
0 f ðDÞD3 dD

ð9Þ

For size parameter n = pD/k > 5, geometrical optics applies and Eq.
(9) simplifies to:

fjk;rs;k; bkg ¼
3
2
� fV

D32
� fQ a;k;Q s;k;Q ext;kg ð10Þ

For n in the range 1–103 considered in this study, Mie theory ap-
plies. Qa,k, Qs,k, Qext,k and the scattering phase function Uk are calcu-
lated based on the complex refractive index of the solid material
using the routine BHMIE [16] and, because of computational time
constraints, using the Henyey–Greenstein approximation [17],

UkðD; h0Þ ¼
1� g2

k

ð1þ g2
k � 2gk � cos h0Þ3=2 ð11Þ

where the asymmetry factor gk ¼ 1=4p �
R

4p UkðD; hÞ sin hdX. The
overall scattering phase function and the asymmetry factor for
the polydisperse medium are calculated analogously to Eq. (9) [15],

fUkðh0Þ; gkg ¼
R1

0 fUkðD; h0Þ; gkðDÞg � Q s;k � f ðDÞD2 dDR1
0 Q s;k � f ðDÞD2 dD

ð12Þ
3.2. Energy source for convection

Convective heat transfer between solid and gas phases is de-
scribed by Newton’s law of cooling [12]:

/convection ¼
ðhc � AsÞ

V
ðTs � TgÞ ¼

12 � fV � kg � ðTs � TgÞ
D2

31

ð13Þ

where hc = Nu � kg/D and Nu = 2 [12].

3.3. Energy source for chemistry

Species consumed or generated during the chemical reaction
contributes to the enthalpy change, evaluated at the temperature
of the originating phase:

/chemistry ¼
Xn

i¼1

hiðTÞ � RiðTs;Yi; f Þ ð14Þ

Note that the enthalpy is related to temperature field by the implicit
equation:

h ¼ href þ
Z T

Tref

cp � dT ð15Þ

where href is the reference enthalpy at Tref = 273 K.

3.4. Reaction kinetics

The steam-gasification of petcoke is selected as the modeled
chemical process. The overall chemical conversion can be repre-
sented by the simplified net reaction:

CHzOy þ ð1� yÞH2O ¼ z
2
þ 1� y

� �
H2 þ CO ð16Þ

where z and y are the elemental molar ratios of H/C and O/C in pet-
coke, respectively. Table 1 lists the approximate main elemental
chemical composition, the lower heating value (LHV), and elemen-
tal molar ratios of H/C and O/C for Petrozuata Delayed (PD) coke
used in the experimental campaign. The kinetic model is based on
the oxygen-exchange mechanism describing reversible O-transfer
surface reactions followed by a unidirectional gasification step,
and on reversible steam sorption as OH/H groups and irreversible
surface chemistry [18]. A set of kinetic rate expressions of the Lang-
muir–Hinshelwood type are formulated to describe the formation
and consumption of each gas species,

rH2O ¼
�K2 � pH2O � K2K3 � pH2OpCO

1þ K4pCO2
þ K5pH2O

ð17Þ

rH2 ¼ �rH2O ð18Þ

rCO ¼
2K1 � pCO2

þ K2 � pH2O þ�K2K3 � pH2OpCO

1þ K4pCO2
þ K5pH2O

ð19Þ

rCO2 ¼
�K1 � pCO2

þ K2K3 � pH2OpCO

1þ K4pCO2
þ K5pH2O

ð20Þ

rC ¼ �ðrCO þ rCO2 Þ ¼
�K2 � pH2O � K1 � pCO2

1þ K4pCO2
þ K5pH2O

ð21Þ



Table 2
Arrhenius parameters of the kinetic rate constants for the steam gasification of
petcoke [19]

EA/J mol�1 k0/s�1

K1 2.707 � 105 1.158 � 103

K2 1.615 � 105 4.978 � 10�1

K3 �9.404 � 104 1.149 � 10�7

K4 7.068 � 103 4.033 � 10�8

K5 4.551 � 102 8.152 � 10�6
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ri is the reaction rate of species i (i = H2, H2O, CO, CO2 and C) for het-
erogeneous surface reactions, defined as:

�ri ¼
1

mC

dni

dt
ð22Þ

where mC is the mass of coke. K1 to K5 are lumped complex con-
stants based on the elementary rate constants. Their temperature
dependence is determined by imposing the Arrhenius law
KiðTÞ ¼ k0 exp �EA

RT

� �
. Apparent activation energies and frequency fac-

tors, calculated by linear regression of experimental data obtained
by thermogravimetric measurements, are listed in Table 2. In order
to account for mass transfer limitations inside the solid particle for
varying particle diameter D the particle effectiveness factor g,
experimentally determined by Trommer [19], is introduced:

gðDÞ ¼ 0:571e�1:29�104 �D þ 0:429e�9:56�102 �D ð23Þ

g converges to 1 for D approaching 0 and diffusion becoming
instantaneous. Furthermore, comparison of the gasification rates
between the experimental runs performed in the thermogravimeter
(packed bed with heating rates of 0.1–0.3 K/s by predominantly
convective/conductive heat transfer) and the experimental runs
performed in the solar reactor (see next section; gas-particle flow
with heating rates of 104–106 K/s by predominantly radiative heat
transfer) led to the introduction of an empirical Arrhenius-type pro-
portionality constant ksolar = 498 � exp(�5.71 � 104/RT) to resolve
for the mass/heat transfer differences between both set-ups and
the fact that the release of volatiles by pyrolysis occurs immediately
at the entrance of the solar reactor. ksolar was obtained by numerical
minimization of the difference between the gasification rates mea-
sured by thermogravimetry and those measured in the solar reactor
[19].The volume specific reaction rate for specie i and for a single
particle diameter D can then be written as:
Fig. 1. (a) Scheme of solar chemical reactor configuration for the steam-gasification of ca
confined to a cavity receiver and directly exposed to concentrated solar radiation. (b) A
Indicated are also the boundary and inlet conditions.
Ri ¼ ksolar � ri �Mi � YC � q � gðDÞ ð24Þ

For the polydisperse medium, g is evaluated at the equivalent
monodisperse diameter Dg,

Dg ¼ g�1

R1
0 f ðDÞD3 � gðDÞdDR1

0 f ðDÞD3 dD

 !
ð25Þ

where g�1 denotes the inverse function of Eq. (23).
4. Solar reactor configuration

A scheme of the reactor configuration is depicted in Fig. 1a. The
details of its design and fabrication were presented previously [3];
only the main engineering features are highlighted here. It consists
of a well-insulated 24-cm length 9.7-cm diameter cylindrical cav-
ity-receiver, made of Inconel and lined with Al2O3, that contains a
5-cm diameter circular opening – the aperture – to let in concen-
trated solar radiation through a transparent quartz window. Pet-
coke-steam or petcoke-water slurry is injected at the front of the
cavity and forms a particle-gas flow that progresses towards the
rear of the cavity. With this arrangement, the coke particles are di-
rectly exposed to the high-flux solar irradiation, providing efficient
heat transfer directly to the reaction site. Solar energy absorbed by
the reactants is used to raise their temperature to above 1300 K
and drive the gasification reaction. Experimentation was carried
out at the PSI’s solar furnace [20]: a 120 m2 sun-tracking flat helio-
stat in-axis with a 8.5 m diameter paraboloidal concentrator, deliv-
ering peak solar concentration ratios exceeding 5000 suns (1
sun = 1 kW/m2). Two experimental campaigns at a power level of
5 kW were performed: 1) ‘‘campaign 1”, where petcoke particles
and steam were injected separately [3]; 2) ‘‘campaign 2”, where
petcoke particles and water were injected together as a liquid slur-
ry [4].

The model domain and the main boundary conditions are
shown in Fig. 1b. Preliminary CFD simulations showed an axis-
symmetric flow pattern with negligible radial velocity compo-
nents. However, in order to account for the radial dependency of
the incoming solar radiation, the domain is subdivided into con-
centric cylindrical compartments, as indicated in Fig. 1b. Advective
heat transport is of secondary importance. Thus, a two-phase fluid
flow with neglected circumferential and radial components of the
velocity vector is assumed. This simplification further enables to
rbonaceous materials (e.g. petcoke), featuring a continuous gas-particle vortex flow
xis-symmetric model domain, featuring five concentric cylindrical compartments.



Fig. 3. Complex refractive index for petcoke and for quartz.
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better elucidate the physical phenomena involved in the interac-
tion of radiation with the chemical reacting flow. The following
boundary/initial conditions and material properties are set:

4.1. Concentrated solar radiation

The solar spectrum of the incoming radiation is approxi-
mated by Planck’s blackbody emission at 5780 K. Fig. 2a shows
the numerically modeled and the experimentally measured so-
lar power through the aperture as a function of the aperture’s
radius. The data points correspond to the experimentally mea-
sured values, as recorded by a calibrated CCD camera on a
water-cooled Al2O3-coated Lambertian target. The modeled re-
sults are calculated by a 3D Monte–Carlo raytracer that takes
into account the exact geometry of the concentrating facility,
specular reflection errors, and non-parallelism of the sun rays.
Fig. 2b shows the calculated solar flux distribution and its
angular distribution at the aperture, used as input to the solar
reactor.

4.2. Quartz window

Spectral values for total transmittance, reflectance, and absorp-
tance of the 3-mm thick quartz window are calculated using the
Fresnel equations [14] based on the complex refractive index of
quartz, plotted in Fig. 3 [21].

4.3. Reactor walls

Diffuse gray surfaces are assumed for the reactor’s inner walls
because of deposited petcoke particles. Convective heat transfer
between the reactor walls and the fluid flow is found by CFD to
be two orders of magnitude smaller than heat transfer by radiation
and conduction, and is therefore neglected. Energy balance at the
wall leads then to the following implicit expression for the
temperature:Z 1

0
q00i;kek dk� reT4 � q00conduction ¼ 0 ð26Þ

where q00i is the incident thermal radiation, the second term ac-
counts for radiation emitted from the reactor walls, and the third
term accounts for conduction heat losses through the walls:

q00conduction ¼ U � ðT1 � TwallÞ ð27Þ

where the overall heat transfer coefficient U is based on 1D radial
conduction through various layers of insulation of known thermal
conductivities, as provided by the manufacturer.
Fig. 2. (a) Left axis: variation of the numerically calculated (curve) and the experimentall
the aperture’s diameter. Right axis: calculated radial solar flux distribution at the apertu
4.4. Feedstock injection

The inlet axial velocity is assumed to be uniformly distributed
over the cross section, as found by preliminary CFD simulations
and visual observation. Assuming ideal gas, the initial velocity is gi-
ven by:

uin ¼
ð _nH2O þ _nArÞ � R � T in

p0 � S
ð28Þ

where p0 is the ambient pressure, S is the cavity cross-sectional
area, and _nH2O and _nAr are the experimentally determined feeding
rates of steam and argon, respectively. The inlet temperature Tin is
equal to 423 K for campaign 1 and to the reactor’s shell temperature
for campaign 2.

4.5. Solid particles

Petrozuata Delayed coke was employed as feedstock (see Table
1). Values for its complex refractive index are shown in Fig. 3
[22,23]. Two particle size fractions were utilized. In campaign 1,
the raw feedstock was ball and jet milled, and fed dry. In campaign
2, the raw feedstock was 80-lm screen sieved and fed as liquid
slurry. Fig. 4 shows the volume density distribution, i.e. f(D) � D3,
for both types of particles, as determined by laser scattering (Hor-
iba LA950). Mean initial sizes are 2.21 and 17.58 lm for campaigns
1 and 2, respectively. As the chemical reaction progresses, f(D) var-
ies as a function of the carbon conversion XC, defined in Eq. (35).
Indicated in Fig. 4 are the resulting distributions for XC = 0 (initial),
0.5, and 0.75. In principle, for Mie scattering, the absorption and
scattering coefficients are calculated with Eq. (9). However, com-
y measured (data points) solar power through the reactor’s aperture as a function of
re. (b) Angular distribution of the incoming radiation at the focal plane.



Fig. 4. Volume density of the polydisperse particles used in experimental
campaigns 1 and 2. Solid lines are measured values for the unreacted samples,
dashed and dashed-dotted lines are calculated values at carbon conversions of 0.5
and 0.75, respectively.
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parison to the values calculated with the simplified approach of Eq.
(10) showed negligible differences for the particle size distribu-
tions considered in this study. The polydisperse medium is there-
fore described by its equivalent diameters defined in Eqs. (2) and
(25) without loss of information. D32, D31, D30 and Dg are shown
in Fig. 5. The difference between the equivalent diameters indicate
the importance of considering the polydisperse nature of the par-
ticulate medium, especially for the feedstock of campaign 2, where
the difference reaches one order of magnitude. Note that D30 can
be expressed in terms of the extent of carbon conversion by:

D30 ¼ D30;in � ð1� XCÞ
1
3 ð29Þ

Figs. 6a and b shows the spectral absorption and scattering coeffi-
cients of the particulate medium in campaigns 1 and 2, respectively,
for a typical initial volume fraction fv = 5 � 10�5, and for carbon
conversions XC = 0, 0.5, and 0.75. The smaller particles of campaign
1 absorb more than 10 times better than those of campaign 2. The
scattering phase function for particles of campaign 1 is shown in
Figs. 7a and b for XC = 0.0 and 0.75, respectively. Curves are plotted
for a monodisperse particulate medium with equivalent diameter
D32, for the polydisperse particulate medium of Fig. 4, and for the
Henyey–Greenstein (HG) approximation of Eq. (11). Preference for
forward scattering is observed. As expected, the polydisperse parti-
cle cloud has a smoother scattering phase function, which is well
approximated by the HG equation.
Fig. 5. Equivalent diameters calculated with Eqs. (2) and (25) of the polydisperse
particles used in campaigns 1 and 2 as a function of the carbon conversion.
5. Numerical analysis

The domain is subdivided into finite volume elements with
grid spacing adapted to the temperature gradient. Each element
is considered isothermal (each phase separately), with homoge-
nously distributed species and particle size fractions. The simu-
lation is composed by two main coupled computational
modules:

(1) A pathlength Monte–Carlo ray tracing module (MC) with
ray redirection [24] for solving the equation of radiative
transfer using the corresponding probability density func-
tions for direction and wavelength of emission/scattering
from particles and emission/reflection from boundary
walls. For example, the wavelength of a generic ray emit-
ted by the non-gray elemental medium is found by solv-
ing the implicit equation:

Rk ¼
R k

0 jkekb dkR1
0 jkekb dk

ð30Þ

where ekb is Planck’s blackbody spectral emissive power
evaluated at the temperature T of the location of emission
and Rk denotes a random number drawn from a uniform
distributed set between 0 and 1. Rays are generated by
emission from the reactor inner walls, by emission by
the elemental volumes (particle suspension), and by trans-
mission through the window (incident _qsolar). Each ray can
undergo three types of interactions: (1) absorption and
scattering by the elemental volumes; (2) absorption,
reflection, and transmission by the reactor walls and/or
window; and (3) transmission to the adjacent volume ele-
ment. The ray’s history is terminated either when its
power is diminished by subsequent absorption events be-
low a set threshold, or when it exits the domain through
the window.

(2) A finite-volume CFD module for solving the mass and
energy conservation equations that link conduction/con-
vection/radiation heat transfer to the chemical kinetics.
Note that, because of statistical dispersion, the time
required to perform a single iteration of the MC module
at a reasonable accuracy is several orders of magnitude
larger than that for the CFD module. To some extent this
problem is alleviated by Gaussian kernel smoothing with
adaptive bandwidth. For the incident radiation on the
walls, the local mean estimator is expressed by Bowman
and Azzalini [25]:
q00inðxÞ ¼
Pn

i¼1wðxi � x;hiÞ � q00in;MCðxiÞPn
i¼1wðxi � x;hiÞ

ð31Þ
where q00in;MC denotes the result of the MC module, w is the
Gaussian kernel defined as wðx; hiÞ ¼ expð�x2=2h2

i Þ=hi

ffiffiffiffiffiffi
2p
p

,
and the bandwidth hi is proportional to the local grid spacing.
The divergence of the radiative flux is estimated analogously
to Eq. (31), where a 2D kernel of the form w(xi � x,hx) � -
w(ri � r,hr) is used with bandwidths hx and hr proportional
to the local grid spacing in the x and r direction, respectively
[26]. An adaptive underrelaxation scheme for the radiative
source term is introduced to ensure convergence and reduce
the overall computational time:

/i
radiation ¼ ð1� ciÞ � /i�1

radiation þ ci � /i
radiation;MC ð32Þ

/i
radiation;MC denotes the result of the MC module after the iter-

ation step i, and c is the adaptive underrelaxation factor. Ini-



Fig. 6. Spectral distribution of the absorption and scattering coefficients, calculated for a typical volume fraction of 5 � 10�5 and carbon conversions of 0.0, 0.5, and 0.75, for
the feedstock used in (a) campaign 1 and (b) campaign 2.

Fig. 7. Scattering phase function for the equivalent diameter D32 of the polydisperse medium (Eq. (12)), and for the Henyey–Greenstein approximation (Eq. (11)), calculated
for carbon conversions of (a) 0 and (b) 0.75, for the feedstock used in campaign 1.
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tially, c is set to c0 = 1 and the radiative source term is calcu-
lated with low accuracy but relatively fast. Once convergence
is reached, c is subsequently reduced according to:

ci ¼ c0 exp
i0 � i

n

� �
ð33Þ

where i0 is the iteration step for the system convergence
and n is a positive real number. Fig. 8 shows the develop-
Fig. 8. Left axis: relative RMS error for the solid temperature and underrelaxation
parameter c as function of the iteration number. Right axis: total emitted power,
normalized by its maximal value, used as an indicator for system convergence.
ment of the relative RMS error for the particle tempera-
ture, RMS ¼

Pn
1ððT

iþ1�
�

TiÞ=Tiþ1Þ2=nÞ1=2. A MC simulation
with only 2 � 104 primary rays results in convergence
after 150 iterations, yielding a standard deviation of 0.12
and 0. 07 for the raw and the smoothed /radiation, respec-
tively. Significant increase in accuracy is accomplished by
reduction of c beyond iteration step i0(n = 32). In principle,
accuracy could also be enhanced by increasing the num-
ber of rays in the MC module but at the expense of dra-
matically increasing computational time. For example, a
typical MC simulation requires 3, 26, and 258 s for 104,
105, and 106 primary rays with a corresponding standard
deviation for /radiation of 0.13, 0.04, and 0.015,
respectively.

6. Numerical results and experimental validation

Sets of 23 and 20 solar experimental runs were carried out for
campaigns 1 and 2, respectively. Numerically simulated and exper-
imentally measured cavity and reactor shell temperatures, and car-
bon/steam conversions at the reactor outlet are shown in Fig. 9 for
(a) campaign 1; and (b) campaign 2. Tcavity for the experimental
runs is the mean between the pyrometer reading corrected for
window transmittance and the thermocouple reading Tshell cor-
rected for conduction through the reactor walls. Tcavity for the
numerical simulation is the weighted mean over all finite volumes
of the cavity, Tcavity ¼

P
TiViqi=

P
Viqi while the lower and upper

error bars describe the 25th and 75th percentile of Ti, respectively.



Fig. 9. Numerically calculated and experimental measured data for the (a) 23 solar experimental runs of campaign 1; and (b) 20 solar experimental runs of campaign 2,
ordered by increasing _Q solar . Shown are the average cavity and wall temperatures, and the carbon and steam conversions at the outlet. Dots and crosses indicate numerically
calculated values; circles and triangles indicate the experimentally measured data; the bars indicate the propagated error of the input parameters.

Table 3
Baseline model parameters for two representative solar experimental runs for
campaigns 1 and 2

Experimental campaign # 1 2

Molar inlet flow rates _nC mol/min 0.254 0.102
_n1

H2
mol/min 0.142 0.057

_nH2O mol/min 0.446 0.264
_nAr mol/min 0.266 0.165

Overall H2O:C ratio – 1.76 2.6

Inlet velocity uin m/s 0.065 0.088
Solar power input _Q solar kW 5.7 4.7
Static pressure p0 Pa 105

Inlet equivalent particle
diameter

D30,in lm 2.21 17.58

D32,in lm 3.13 47.14
Inlet temperature Tin K 423.15
1003.5
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Steam and coke conversions are determined from the oxygen and
carbon mass balance1:

XH2O ¼
_nCO þ 2 � _nCO2

_nH2O;in
ð34Þ

XC ¼
_nCO þ _nCO2 þ _nCH4

_nC;in
ð35Þ

The error bars for the calculated values are due to the propagated
error of the input parameters, namely ±5% for the coke feeding rate
and �9%

13% for the solar power input, caused mainly by the heliostat
tracking error and misalignment [3]. Relative RMS errors for Tshell,
XH2O, and XC were 5.6%, 20%, and 18%, respectively, in campaign 1,
and 5.4%, 25%, and 39%, respectively, in campaign 2. Overlapping
of the accuracy intervals (error bars) of calculated and measured
data points is observed for the majority of the experiments. Calcu-
lated temperature ranges for Tcavity are found to be significantly
1 The gaseous products were analyzed on-line by gas chromatography (GC, High
speed Micro GC G2890A by Agilent Technologies, equipped with molecular sieve 5A
and HaySep A capillary columns), IR-based detectors for CO, CO2, and CH4 (Ultramat-
23 by Siemens), and a thermal conductivity-based detector for H2 (Calomat-6 by
Siemens).

Reactor cross sectional area S m2 8 � 10�3

Overall heat transfer
coefficient

U W/(m2K) 25

Outer temperature of the
reactor shell

T1 K 593.15

1 bound in the feedstock.



Fig. 10. Numerically calculated temperature profiles for the gaseous and solid phases, and the radiative source term along the reactor at two radial positions: center (r = 0 m)
and close to the wall (r = 0.025 m). The baseline parameters listed in Table 3 were employed for (a) campaign 1; and (b) campaign 2.
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higher than those experimentally measured, especially for cam-
paign 1, in which peak temperatures occur at the center of the cav-
ity due to strong radiation absorption by small particles. Table 3
lists the selected baseline model parameters of two representative
solar experimental runs for each experimental campaign [3,4].
Fig. 10 shows the temperature profiles for the gaseous and solid
phases and the radiative source term along the reactor calculated
for the baseline parameters listed in Table 3 at two radial positions:
center (r = 0 m) and close to the wall (r = 0.025 m). Note that the x-
axis scale is logarithmic for a better appreciation of the rapid heat-
ing rate – of the order of 105 K/s – during the first centimeters after
the inlet plane, where particles reach temperatures of 2144 and
1861 K for campaigns 1 and 2, respectively. Thus, very efficient radi-
ative heat transfer to the reactants is attained by direct concen-
trated irradiation of the gas-particle flow. Temperatures peak after
1 and 5 cm for campaigns 1 and 2, respectively, and decrease to-
wards the rear of the reactor as a result of the endothermic reaction
and conductive heat losses. As expected from the time scales sconvec-

tion and sradiation, the temperature difference between the solid and
gas phases is negligible for campaign 1 with smaller particles, and
less than 50 K for campaign 2 with bigger particles. The mean tem-
perature of the metallic shell Tshell is in the range 1108–1301 K and
significantly below that of the coke particles because of the Al2O3

liner and because the particle suspension serves as a radiation
shield, as corroborated experimentally in a similar gas-particle
reactor configuration [10]. The radiation source term undergoes a
fast decrease as the reactants flow along the reactor because of
two congruent phenomena: (1) the absorption coefficient of the
particle suspension rapidly decreases with increasing temperatures
due to volumetric expansion, and (2) particles shrink and disappear
as the reaction progresses, thus lowering the net radiation transmit-
Fig. 11. Variation of the chemical composition (molar fractions) along the reactor at tw
parameters listed in Table 3 were employed for (a) campaign 1 and (b) campaign 2.
ted. A strong radial temperature gradient is induced by the angular
and radial distribution of the incoming solar radiation, but this gra-
dient diminishes after approximately 10 cm behind the aperture as
a result of absorption by the particles and emission from particles
and walls.

The progress of the chemical reaction is shown in Fig. 11, where
the variation of the chemical composition (molar fractions) is plot-
ted along the reactor at two radial positions: center (r = 0 m) and
close to the wall (r = 0.025 m). The baseline parameters of cam-
paigns 1 and 2, listed in Table 3, were employed. Note that the x-
scale is shown linear – and not logarithmic as in Fig. 10, as the
chemical reaction rates are significantly slower than the radiative
heat transfer rates. Main product gas components are H2 and CO,
with less than 5% CO2, as predicted by thermodynamic equilibrium
[2]. Simultaneous fast pyrolysis and steam-gasification occurs
immediately after the entrance of the reactor. The steam and car-
bon conversions are significantly lower close to the walls that
those obtained at the center line as a result of the relatively low
temperatures existing there. In addition, reaction rates decrease
towards the exit of the reactor, primarily because of the lower tem-
peratures attained for a decreasing radiation source, as indicated in
Fig. 10b. As expected, the gasification proceeds at a higher rate in
campaign 1, due to the higher temperatures and particle effective-
ness factor g of the feedstock. This is also corroborated in the 2D
contour maps of Fig. 12, showing the reaction rate oXC/ot and the
carbon conversion XC in the upper plot – normalized with its max-
imal value –, and the corresponding temperature profiles in the
lower plot. In campaign 1, the peaks for the temperature
(>2050 K) and for oXC/ot (1.4 � 105 s�1) are pronounced and lo-
cated in the first centimeters after the inlet plane, followed by a de-
crease to 1800 K and 6 � 10�6 s�1, respectively, towards the exit of
o radial positions: center (r = 0 m) and close to the wall (r = 0.025 m). The baseline



Fig. 12. 2D contour map of the carbon conversion XC and reaction rate dXC/dt (upper plot) and corresponding temperatures (lower plot). The baseline parameters listed in
Table 3 were employed for (a) campaign 1 and (b) campaign 2.
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the reactor. In campaign 2, a more uniform temperature and reac-
tion rate field is observed, with maximum values attained 5 cm
after the inlet plane. The difference between the two campaigns
is attributed to the differences in the particle sizes of their feed-
stock. The smaller particles used in campaign 1 have a higher
absorption coefficient, as observed in Fig. 6, augmenting radiative
heat transfer at the entrance region but preventing radiation to
penetrate deeper into the rear of the cavity. The smaller H2O:C mo-
lar ratio, and consequently, the higher solid volume fraction, fur-
ther contributes to this effect. For example, at the location of
maximum temperature, fv = 1.83 � 10�5 and 9.75 � 10�6, and the
corresponding absorption coefficient j = 13.3 and 0.28 m�1, for
campaigns 1 and 2, respectively. At the exit of the reactor, after
condensing the unreacted and excess H2O, the molar composition
of the syngas was 0.66 H2: 0.25 CO: 0.09 CO2 for campaign 1 and
0.68 H2: 0.21 CO: 0.11 CO2 for campaign, which compares well
with the gas composition measured experimentally [3,4]. Finally,
a sensitivity analysis is performed to elucidate the effect of a given
input parameter Z by computing the system derivative Si = oY/oZ,
where Y is the output of interest [27]. The input parameters are
the solar power input _Q solar, the coke feeding rate _nC, and the inlet
temperature Tin. The outputs of interest are the mean reactor tem-
perature Treactor and the carbon conversion at the reactor outlet. Re-
sults are listed in Table 4, where Si,relative is the local relative

sensitivity defined as Si;relative ¼
Y ZþDZ

2ð Þ�Y Z�DZ
2ð Þ½ �=Y

DZ=Z with DZ/ Z = 0.05.
_Q solar is the input parameter with the strongest impact on the out-

put, especially on for both campaigns. For campaign 1, increasing
_nC has a negative impact on XC and Treactor. Interestingly, for cam-
paign 2, its impact on Treactor is positive because the feedstock is
introduced at a much higher temperature after preheating Tin has
a positive impact for both campaigns, but stronger for campaign
2. An increase in the inlet temperature compensates for the weaker
radiation absorption by the feedstock used in campaign 2 because
it reduces the energy required to heat the reactants to the reaction
Table 4
Relative sensitivity of input/output parameters for both experimental campaigns

Campaign Z? _Q solar _nC T in

1 Srelative(Treactor) 0.42 �0.090 0.026
1 Srelative(XC) 1.46 �0.41 0.073
2 Srelative(Treactor) 0.31 0.014 0.11
2 Srelative(XC) 1.81 �0.16 0.40
temperature and, consequently, increases the energy left to drive
the chemical reaction.

7. Summary and conclusion

We have developed a heat and mass transfer model for a poly-
disperse particle suspension subjected to concentrated thermal
radiation and undergoing an endothermic chemical transforma-
tion. The model was applied in the simulation of a solar reactor
for the steam-gasification of carbonaceous materials. Energy and
mass conservation equations were formulated for each phase and
species in a multi-compartment domain, and solved by 3D
Monte–Carlo and finite volume techniques. Chemical kinetics
was modeled by means of a set of Langmuir–Hinshelwood type
rate laws, with Arrhenius rate constants determined by thermo-
gravimetry. Numerical results for average temperatures, carbon
and steam conversions, and gas compositions at the reactor outlet
agreed well to those obtained in two experimental campaigns car-
ried out with a 5 kW solar reactor prototype in a high-flux solar
furnace. Heating rates of 105 K/s were obtained as a result of the
efficient radiative heat transfer. The different particle size distribu-
tion of the feedstock employed in the two campaigns affected
strongly the absorption coefficient and chemical kinetics, and con-
sequently mass and heat transfer, justifying the detailed analysis of
the polydisperse medium.
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