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Abstract

Radiative heat transfer within a chemical reacting system directly exposed to an external source of high-flux radi-
ation is considered. The endothermic decomposition of CaCOs(s) into CaO(s) and CO,(g) is selected as the model
heterogeneous reaction. Its interfacial kinetic parameters are determined by thermogravimetric measurements assuming
a contracting geometry rate law and an Arrhenius temperature dependence law. Experimentation using an Argon arc as
the radiation source was carried out in which powder samples were subjected to radiative power fluxes in the range 400
930 kW/m?. Temperature distributions and reaction extent were recorded as a function of time. A 3D transient heat
transfer model that links conduction—convection-radiation heat transfer to the chemical kinetics is formulated using
wavelength and chemical composition dependent material properties and assuming the Rosseland diffusion approxi-
mation for the internal radiative transport. Monte-Carlo ray tracing is employed to obtain the radiative flux distri-
bution at the boundaries. The unsteady energy equation is solved by finite volume technique. The model is validated by
comparing the computed temperature and reaction extent variation with time to the values experimentally measured.

© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

High-temperature endothermic chemical processes
involving solid and gases are found in a wide range of
industrial applications, including extractive metallurgy,
ceramic material processing, and calcination. These
processes are characterized by their high-energy con-
sumption and the concomitant emission of pollutants,
derived mainly from the combustion of fossil fuels for
heat generation. The use of an external source of con-
centrated radiative energy for supplying the process heat
offers several advantages, namely: (1) the products are
not contaminated by combustion by-products; (2) heat

* Corresponding author. Address: Department of Mechani-
cal and Process Engineering, ETH-Swiss Federal Institute of
Technology, ETH-Zentrum ML J42.1, CH-8092 Ziirich, Swit-
zerland. Tel.: +41-56-310-3124; fax: +41-56-310-3160.

E-mail address: aldo.steinfeld@eth.ch (A. Steinfeld).

is efficiently transferred by direct irradiation of reac-
tants, bypassing the limitations imposed by indirect heat
transport via heat exchangers; and (3) if the radiation
source is derived from renewable energy, e.g. concen-
trated solar energy, the emission of greenhouse gases is
avoided. Chemical reactors based on the concept of di-
rect irradiation require matching the rate of radiation
heat transfer to the rate of the chemical reaction.
Modeling such an interaction is needed to anticipate the
consequences of a given design decision on the reactor’s
performance.

The analysis of radiation heat transfer within a sys-
tem undergoing a chemical transformation, in which the
chemical species, phases, and system’s properties vary
with time as the reaction progresses, is a complex tran-
sient problem encountered in such research areas as
combustion and atmospheric sciences. Examples of
previous analyses that dealt with the steady-state
approximation include a transport model for simulating
vapor phase epitaxy growth based on the finite volume
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Nomenclature

A area, m’

cp specific heat at constant pressure, Jkg~! K~!

C, specific molar heat at constant pressure,
Jmol ' K!

C 0.59552137x 10716 Wm?sr™!

) 0.014387752 mK

E, apparent activation energy, J mol~!

e»(T) spectral blackbody emissive  power-
- %’ Wm™ “m71 ffz e;p(T)dA

Fy,r_;,r blackbody fractional function = ~*——

g power factor in the geometry rate law

h convective  heat  transfer  coefficient,
Wm2K™!
height, m

reaction rate constant, 57!

frequency factor, s

thermal conductivity, Wm™' K~!
Rosseland coefficient, Wm™' K~!
extinction coefficient, m~!

characteristic length, m

number of moles

Ho,caco, 1nitial number of moles of CaCOs
Hcaco,  actual number of moles of CaCOs
molar mass, kg mol™!

u Nusselt number

number of particles per unit volume, m~
porosity

perimeter, m

Prandtl number

particle radius, m

a Rayleigh number

4 heat flux, Wm™2

heat generation rate per unit volume, Wm~
heat generation rate, energy per unit time,
w

time, s

temperature, K

specific internal energy, Jkg™!
internal energy per unit volume, Jm~
volume, m?

reaction extent
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Greek symbols

o thermal diffusivity, m?s~

p volumetric thermal expansion coeflicient,
K—l

1

AHY standard reaction enthalpy change at tem-
perature T, Jmol™!
Ax, Ay, Az spatial mesh size in x, y, and z directions,

m

€ emissivity

{ Gy /AT

A wavelength, m

Ae wavelength cut-off for CaCO; and CaO, m

v kinematic viscosity, m?s~!

p density, kgm™?

o Stefan-Boltzmann  constant = 5.67x10~®
Wm2K™*

T transmissivity

Q finite volume

Subscripts

a absorbed

air air

c conduction

ch chemistry

cv convection

e emitted

in incoming

interface sample-plate interface

Jj index of a cell

p plate

pl, p2,...,p6 measurement points in the plate
r radiation
reflected reflected

] sample

source radiation source

t top face of a cell
total total flux

w wall

A wavelength; spectral
T transmitted

0 initial value

o0 free stream value

Superscripts

n time level
0 standard conditions
* dummy variable

- surface-averaged value

solution of coupled flow, heat, and mass transfer [1], a
radiation transfer model coupled to the Navier-Stokes
equations for a non-equilibrium medium existing in
rocket exhaust plumes [2], and a radiative and convec-

tive heat transfer model coupled to the chemical kinetics
of LPG reforming [3]. Examples of analyses that dealt
with the transient problem include a two-phase model to
predict ignition temperatures in an exothermic catalytic
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chemical reactor [4], a 2D model of the ignition of
polymethyl-methacrylate based on the discrete ordinates
method [5], and a combined convection—conduction—
radiation heat transfer model of an oil-fired furnace
using the Hottel’s zone and Monte-Carlo methods [6].
Chemical reactors for high-temperature thermochemical
processes, in which the reactants are exposed to an
external source of concentrated radiation, are found
especially in solar chemical applications [7,8 and litera-
ture cited therein].

This paper presents an analysis of radiative heat
transfer in a non-gray, non-isothermal solid undergoing
heterogeneous thermochemical decomposition. A 3D
model that couples the rate of radiative transfer to the
chemical reaction kinetics is formulated, and the exper-
imental set-up and measurements conducted for its val-
idation are described.

2. Chemical kinetics

The thermal decomposition of limestone:
CaCO;(s) = CaO(s) + CO,(g) (1)

is selected as the model reaction. The reaction proceeds
endothermically at above 1200 K. Its enthalpy change,
when the reactants are initially at 298 K and products
obtained at 1200 K, is 270 kJ/mol. Thermogravimetric
measurements were conducted with samples of mean
particle size in the 2-3 mm range, at a heating rate of 10
K/min and air mass flow 100 ml/min. Applying a con-
tracting geometry rate law [9],

dx g
5 = k(1 -x) (2)

where x is the reaction extent, defined as x = 1 — %
Caco,
The temperature dependency of k is determined by

imposing the Arrhenius equation [9-11],

E,
k:koexp(—R—T> (3)

The results are shown in Fig. 1 for g = 0.5. The apparent
activation energy and frequency factor obtained by lin-
ear regression are E, = 187.3 kJmol~! and ky = 6.45 x
10° s7!, respectively.

3. Direct irradiation experimental set-up

Tests were conducted at the ETH’s high-flux solar
simulator [12]. This research facility provides a rapid
external source of intense thermal radiation, mostly in
the visible and IR spectrum [12]. It consists of a high-
pressure argon arc enclosed in a 27 mm-diameter, 200
mm-length water-cooled quartz envelope. The light
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Fig. 1. Arrhenius plot for the thermal decomposition of
CaCOs: thermogravimetric measured values (data points) and
linear regression using contracting geometry rate law.

source is close-coupled to precision optical reflectors to
produce an intense beam of concentrated radiant en-
ergy. The focusing mirrors are horizontal-axis troughs
of elliptical cross section having a vertical major axis,
and are positioned with one of the linear foci coinciding
with the arc. The focal plane of the solar simulator is
thus defined as the horizontal plane perpendicular to the
ellipse’s major axis containing the second linear focus.
The elliptical mirrors are truncated 9.2 cm above the
focal plane to permit external access, so that the re-
flected beam-down radiation is confined within an
angular range of half-angle 45°. With this arrangement,
power fluxes exceeding 4500 kW/m? are attained at the
focal plane. Power, power fluxes, and temperatures can
be adjusted to meet the specific requirements by simply
varying the electrical input power to the arc electrodes.
Power flux intensities are measured optically with an
absolute point radiometer, with an estimated error of
+8%.

The experimental set-up is shown in Fig. 2. A 100
mm-length 20 mm-width 3.7 mm-height prism made of
CaCQOj; particles was positioned on top of a 200 mm-
length 148 mm-width 17 mm-depth refractory SiC plate,
and mounted at the focal plane of the solar simulator.
Thermocouples type-K were used to measure tempera-
tures of the plate and plate-sample interface at various
locations, as indicated in Fig. 2. Their exact location is
listed in Table 1. Samples were irradiated at constant
power fluxes during controlled intervals of time,
weighted before and after each run to determine their
mass loss, and finally completely calcined in an electrical
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Fig. 2. Scheme and dimensions (in mm) of experimental set-up.
Indicated are the positions of the temperature measurements
and their corresponding notation.

Table 1

Location of temperature measurement points (see Fig. 2)
Measurement x/mm y/mm z/mm
point
Ty 50 0 3.7
Tio 0 0 3.7
T3 0 10 3.7
Tha 100 0 20.7
Tys 0 74 12.2
Tos 0 74 20.7

furnace after each run to verify their degree of calcina-
tion.

4. Heat transfer model

The system domain is defined as the sum of two sub-
systems: the CaCOs-prism sample plus the plate, as
indicated in Fig. 2. Thus, the system is bounded by 11
planes. The general energy conservation law for a dif-
ferential solid applied to each sub-system is given by
[13]:
oUu
D _v . = " 4
2 q'+4q (4)
where U is the internal energy, ¢” is the heat flux, and ¢"”

is the heat sink/source per unit volume. For the sample,

U = pcaco,ticaco; + Pcaoticao, and for the plate, U =
PsicUsic, u being the specific internal energy. The bound-
ary conditions for the sample are:

e at the upper surface of the sample

oT, oT,
s _ kr S — " i _ {l 5
an k= 9o t 9oy — 4, (%)

w w

—(1 = plkes

e at the sample-plate interface

oT; 0Ty ”
- (] - p)kc‘s a - pkr a - q;olal,imerface (6)

o at all other free surfaces of the sample

oT, oT,
5 _ k,— 75 — " i 7
P k= 9e t Gy (7

w

—(1 = plkes

The boundary conditions for the plate are:
e at the upper free surface of the plate
o7,
S
P on

— i+ i, ®)

w

e at the plate-sample interface

ot

koo B

o "
= Giotal interface + q: (9)

w

o at all other free surfaces of the plate

o7,
— k,

gy | =4+ (10)

w

The set of boundary and initial conditions is closed
by setting the free stream temperature around the system
T, and the initial temperature within the system T7j.

We now proceed to the derivation of the heat fluxes
by radiation, convection, and conduction for each sub-
system. The directional distribution of the radiative heat
flux incident on the sample was modeled by Monte-
Carlo ray-tracing method [14]. The spectral distribution
is assumed equivalent to Planck’s blackbody distribu-
tion at 5780 K, which corresponds to an approximation
of the solar spectrum. Radiation incident on the upper
surface of the sample undergoes absorption, reflection,
and transmission. Thus, for the sample:

q:; = q:\/ + q:/cﬂcctcd + q/r/ (1 1)
47 =4}, (12)
qg = (qI; - qlr,)(gsaof;le)*/‘leource + gsvilfizF/il Tsre—72 Tsource

+oee gs,?.rooF;stourcroc) (13)

where the gray band approximation of the hemispherical
spectral emissivity has been employed. F denotes

f"‘z e(T)d1

blackbody fractional function, F}, 7_;,r = e
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e;, being the blackbody spectral emissive power. Simi-
larly, for the plate, neglecting transmission:

qﬁ‘l = q;, + q;leﬂecled (14)

no___n R R R R A R
9o = 9in (gp-,O*ﬁlFb’/-lTsource + F‘P,/-l*AzF/-lTsmu'cr/»szm.rce
F o iy —ooFl T —o0) (15)

The radiative flux emitted by the surface at T is

q! = oT*(eo_s,Fo_iy1 + €3 Foy1—sia7
+oeee si.rooFlanoC) (16)

Inside the sample, the total heat flux has two compo-
nents:

Qo = (1 = P)g! + pq; (17)

where ¢/ is the portion transferred by conduction, ¢, is
the one transferred by radiation, and p designates the
sample’s porosity. Using Fourier’s law, the conductive
heat transfer through the sample is given by

qlc, = —k.VT (18)
The radiative heat transfer inside the porous sample is

determined assuming the Rosseland diffusion approxi-
mation for an optically thick medium [15]:

q' =—kVT (19)

where k; is calculated using the gray band approxima-
tion by

4
r— T 5 Tz
. 37 {Koﬁ:l

1 15 o &
+ﬁ {M‘HZ”F (eiz 1 ei—1

! Paﬂzlsgi]} (20)

K/L,,—oo 4 el — 1

15 4
[4FO7;"'T T

with { = G /AT.
Similarly, the total heat flux between the sample and
plate at their interface is

_ . " . "
= (1 — Pintertace)intertace T Pinterfacedr intertace

(21)

"
qtotal‘imerface

where pintertace Stands for the sample porosity at the
interface zone, which is higher than the average porosity
of the sample due to the particles’ spherical shape. The
heat transferred through the sample-plate interface is

qﬁ]terf«‘lce = hinterface(Ts,W - Tp,w) (22)

The portion transferred by radiation through the pores
at the sample-plate interface is

) 4 , 4
FE)*M Tsw O-Ts‘w Fb*/vl pran‘w

"
9 interface — 1 L

&0 Ep0-i

j ) 4 _F R 4
F;vl Tsw—r2Tsw O-Ts,w EvlTp.w*Az Tp.wJTp,w

1 1 1
85,0y —in + Epiy—in
F, r oT* —F, oT*
inTsw—00Y Lg I Tpw—009Lp w
toet 1 1 (23)
&s,/n—00 &p.jin—oc0

where T, and T, are the temperatures at the bound-
aries of the two materials. Computation of natural
convection at the exposed surfaces of both sample and
plate has been carried out using the following correla-
tions [16]:

For horizontal surfaces (L = % :

Nu, =252 for Ra; < 10° (24)
N, = 0.54Rd;  for 10° < Ra; < 107 (25)
Nu, = 0.15Ra} for 107 < Ra; < 10" (26)

For vertical surfaces (L = H):
2

0.387Rat
[1+ (22))”
Pr

with properties of air evaluated at the average boundary
layer temperature. The convective flux is then obtained
from

Nuy = |0.825 + (27)

Nt - e

dh == (T, ~ ) (28)
Finally, the energy sink due to chemistry in the sample is
given by

° dncac 3 o dx
qen = AHZ ((ZUCO‘ = —AH; anO,CZlCOj, (29)

This term is set to zero in the plate.

5. Methodology

The finite volume method was employed for a dis-
cretized domain. Integration of Eq. (4) over the control
volume ; and time interval As = /! — 1" yields

1t 1 s 1

a—Udth: / V-g'dvde
ot Iy

tn

tn—l
+ / / q"dvde (30)
v Jo

For Q; small and At short, p and ¢, are constant.
Substituting all terms in their discretized form and
solving for T, yields

v Q
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At
T_n+1 =7 4 ‘7//
! ALY Z:

The heat fluxes through cell faces may be of radiative,
convective, or conductive nature. They are evaluated at
each time step »n using the Eqgs. (11)—(28). The solution
begins by setting the initial conditions in the whole do-
main:

=T,
{TPZTO (32)

The new temperature field is then computed using Eq.
(31). Temperatures at boundaries are calculated as a
function of the already computed heat fluxes and tem-
peratures using Egs. (5)-(10). For example, the tem-
perature at ¢-face of cell Q; laying directly at the top
surface of the sample is calculated using

-8 +¢I;> (31)
I

Az
m+1 __ gn+l n
=1 +2_]€;,q//‘t_, (33)
where
K= (1 -k, +pk!, (34)

and the net heat flux through the top face of cell j at time
step n is

4"l = el +acli — 4l (35)

Since the material properties of sample and plate are
functions of temperature, they are also evaluated at each
time step. Further, the material properties of the sample
are functions of its composition, which in turn changes
with time. Thus, the p, ¢,, k, and ¢ of cell Q; at time step
n are, respectively:

Table 2

Baseline parameters used in the calculation
Parameter Value Unit
Cp.cacos” 104.52 +21.92E —3-T — 2.59E6 - T2 Jmol ' K~!
Cp.ca0® 5042 +4.18E—3-T — 0.85E6 - T2 Jmol™' K~!
Cpsic® 0.85-(10.997 - In(T) — 30.213) Jmol ' K~!
E,¢ 187,300 Jmol™!
g 0.5 _
ko® 400,000 s
kecacos®” 0.80 Wm-! K-
kecao®’ 0.60 Wm-! K-
ke sic® 5.25 Wm' K-
K 350 m-!
P 0.44 _
Pinterface 0.55 _
€,,CaC0,® 0.19 for A< A, 0.81 for 2> A, _
&;,ca0® 0.41 for A< 4, 0.59 for 4 > A -
&sic® 0.75 -
Ak 2.4x10°° m
Po.cacos” 1400 kgm™
Psic® 2700 kgm?
T 0.05 -
“Ref. [18].
Ref. [20].
¢ Measured.
4Ref. [9].
°Ref. [19].
fRef. [17].
ERef. [21].

Table 3

Measured peak incident radiative flux at the focal plane, mean incident radiative flux over sample, and mean incident radiative flux

over plate

Arc current A Peak flux Wm™2

Mean flux over sample Wm™

2 Mean flux over plate Wm™

200 665,875
300 1199,630

550,084
929,719

146,760
248,046
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n n n
1CaCo; jMCaC03 + <n0,CaCO3 } ; ~ ficacos | j)MCaO

pi = 7
(36)
. Mcacos }; Cp.caco, |}; + (n().CaC03 |7 — Ncaco, |:’) Ccaol;
Y o]
(37)

n n n n n
kcaco, |,"Cac03 ‘fMCaCCh + kCao|, (nO.Cz\CO3 |/ — NCaco; |/-)MCa0

o
o,

cJ

(38)
£),CaC0; |:nCaCO; |7MCaCO; + &;.ca0 }’; (nl).CaCO3 ‘j — NCaco; |:)MCaO

o= -
oy

0

(39)

The extinction coefficient K in the sample has been as-
sumed to be constant with temperature and composi-
tion, i.e. same value for CaCO; and CaO. It is evaluated
for scattering by large diffuse spheres as
K =a+ g, = tR*N (40)

where N is the number of particles of radius R per unit
volume. Since N and R remain constant during the

1913
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! calculated 200 A
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/ ] ] 1 1 ] 1
1000 1200 1400 1600 1800

0
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Fig. 4. Extent of the reaction as a function of time for arc
currents 200 and 300 A: measured values (data points) and

calculated curves.

Table 4
Relative error in the measurement of reaction extent x, and

relative difference between calculated and measured values as a

function of time for the run at 200 A
‘1 - (xcalculated /Xmeasured) |/%

reaction,
3(1-p) t/s Error/%
=R (41) 300 19.89 43.08
600 2.76 21.01
Substituting in Eq. (40), 1201 1.57 3.95
1500 1.42 0.30
x-31-p) (42) 1800 1.41 0.50
4R
1200
1000 —
800 .
£
g
< 600 -
L
- X measured x-direction 200 A
N 400 - calculated x-direction 200 A
+  measured x-direction 300 A
————— calculated x-direction 300 A
o measured y-direction 200 A
200 = - calculated y-direction 200 A
o  measured y-direction 300 A
————— calculated y-direction 300 A
0
12

-12

1-10*/m
Fig. 3. Flux distribution across the x- and y-axis at the focal plane of the high-flux solar simulator for arc currents 200 and 300 A:

optically measured values (data points) and calculated curves using Monte-Carlo ray tracing.
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Fig. 5. Calculated and measured variation of temperatures with time for (a) Ty, (b) Ty, (€)Tp3, (d) Tpa, (€) Tps, and (f) Tie.
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For a mean particle radius R =0.00125 m and a
porosity p = 0.44, K =336 m™!.

For the calculation of radiation and conduction
fluxes across the cell boundaries, the mean k. and &,

n n

between adjacent cells are taken as k;’ﬂl = ”T”“ and
0o Jta

kn — kr.j+k|‘t/+l

rj+ 2 -

6. Theoretical and experimental results

Table 2 shows the baseline parameters used in the
calculation. Experimental runs were performed with arc
currents of 200 and 300 A. The measured peak flux at
the focal plane, mean flux over the sample, and mean
flux over the plate are shown in Table 3. The calculated
and measured power flux distributions at the focal
plane, along the x and y directions, are shown in Fig. 3.
The Monte-Carlo numerical results fit well to the mea-
sured values. A slight deviation and asymmetry lie
within the error of the measurements. Fig. 4 shows the
extent of the reaction as a function of time, measured
and calculated. For the run at 200 A, the computed
curve agrees well with the measured of the reaction, but
differ by 43% at the beginning and 21% half way in the
reaction progress (x = 0.5), where the reaction rate
peaks. For the run at 300 A, the predicted curve agrees
well with the single measurement. Table 4 lists the rel-
ative error in the measurement and the difference be-
tween calculated and measured values as a function of
time for the run at 200 A.

The calculated and measured variations of tempera-
tures with time at different plate locations are shown in
Fig. 5 for runs at arc currents 200 and 300 A. In general,
the agreement is reasonably good and Table 5 shows the
relative difference between calculated and measured
values at x = 0.07, 0.51, and 0.99 for the run at 200 A.
The differences are believed to be mainly the result of
discrepancies between the real material properties (C,, k,
and ¢) of the actual experimental system and those em-
ployed in the modeled system that were extracted from
the literature [17-21]. A sensitivity analysis revealed that
the strongest temperature variation was observed when
varying either the emissivities of both materials or the
distribution of the incoming flux.

As far as heat losses from the system (sample + plate)
to the environment are concerned, Fig. 6 shows the

Table 5

100 T T 1 T T T T
Reflected radiative power
- Absorbed radiative power
- Emission heat losses
8OF——— Free convection heat losses -
/’/ ___________
-

60 777 TTTTT -

a/qin/%

0 200 400 600 800 1000 1200 1400 1600 1800
t/s

Fig. 6. Time-dependent energy losses from the system (sam-
ple + plate) to the environment.

calculated time-dependent percentage of the incident
power lost either by radiation (both emission and
reflection) and by natural convection. As expected, the
radiative losses are dominant and about six times higher
than the convective ones.

7. Summary and conclusions

A transient 3D model that links thermal radiation,
conduction, and natural convection heat transfer to the
chemical reaction has been applied for limestone
decomposition under direct irradiation. The model uses
the Monte-Carlo ray-tracing technique for determining
the radiative flux boundary conditions and the finite
volume method for solving the unsteady energy equa-
tion coupled to the reaction kinetics. This model enables
to treat a non-isothermal non-grey chemical system with
a time-dependent chemical composition. The computed
temperature field and reaction extent are in a good
agreement with the experimentally measured values
obtained with samples of limestone directly exposed to
radiative fluxes. The heat transfer model can be applied
in the treatment of transient problems involving solid
reactants directly exposed to an external source of

Relative difference |1 — (Teuicutated / Tmeasured )|, i %, between measured and calculated temperatures at various locations (see Table 1 and

Fig. 2) as a function of the reaction extent for the run at 200 A

X Tpl sz T p3 Tp4 Tp5 Tp6

0.07 2.40 1.05 1.16 16.57 7.46 5.31
0.51 2.61 6.55 2.51 12.98 4.40 1.78
0.99 3.74 8.36 5.21 11.80 3.49 0.87
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concentrated thermal radiation and undergoing hetero-
geneous thermochemical decomposition.
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