
International Journal of Heat and Mass Transfer 52 (2009) 2444–2452
Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier .com/locate / i jhmt
An ablation model for the thermal decomposition of porous zinc oxide layer
heated by concentrated solar radiation

Leonid Dombrovsky a,*, Lothar Schunk b, Wojciech Lipiński c, Aldo Steinfeld b,d
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a b s t r a c t

Thermal decomposition of porous ZnO under high-flux solar irradiation is considered. The process is well
described by a transient ablation model that couples radiation, conduction, and convection heat transfer
to an Arrhenius-type kinetic rate law with a pre-exponential factor dependent on the porosity, grain/pore
size, and convective removal of the reaction products Zn(g) and O2. Main model parameters are deter-
mined by comparing numerical and experimental results.

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

Solar thermochemical processes make use of concentrated solar
radiation as the energy source of high-temperature process heat
[1,2]. Examples are the thermal decomposition of limestone [3],
the thermal reduction of metal oxides [4], the thermal cracking
of natural gas [5], and the thermal gasification of carbonaceous
materials [6]. Of particular interest is the production of hydrogen
by the 2-step water-splitting chemical cycle via ZnO/Zn redox
reactions [4]:
1st step (solar, endothermic):

ZnO! Znþ 0:5O2 ð1Þ

2nd step (non-solar, exothermic):

ZnþH2O! ZnOþH2 ð2Þ

H2 and O2 are formed in separate steps, eliminating the need for
high-temperature gas separation. This cycle has been identified as
a promising path for solar hydrogen production because of its po-
tential of reaching high energy conversion efficiencies and, conse-
quently, of economic competitiveness [4,7].

The physical analysis of thermal processes in the reactor and the
choice of suitable engineering solutions require a complete model
linking the rate of heat transfer to that of the chemical reaction.
ll rights reserved.
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The experimental work on the dissociation of ZnO has been re-
ported in several papers [8–10]. An early study by Secco [11] indi-
cated a strong dependence of the mass loss of pure polycrystalline
ZnO on the sample temperature, composition, and pressure. The
reaction rate was about an order of magnitude lower at 1 bar Ar
than in vacuum. Hirschwald and Stolze [12] found that the ZnO
decomposition in the range 1130–1385 K in vacuum was well de-
scribed by the Arrhenius-type law with activation energy
E = 327.3 kJ mol�1. A comparable value of E was found for ZnO pow-
der heated by thermal radiation [12]. However, the pre-exponential
factor depended strongly on the sample structure: it was twice and
five times larger for the sintered and powdery samples than for the
crystals, respectively. ZnO evaporation from spinel solid solutions
in vacuum revealed rate limiting mechanisms controlled by chem-
ical decomposition and diffusion [13]. Möller and Palumbo [14]
investigated the decomposition of sintered ZnO samples exposed
to concentrated solar radiation in Ar filled volume at atmospheric
pressure and determined an Arrhenius-type rate law in the range
1950–2400 K with E = 328.5 kJ mol�1. Although the value of E was
comparable to that obtained under vacuum conditions [12], the rate
in Ar was 30 times slower than in vacuum. In a follow-up study, the
effect of sintering and shrinkage on the rate of heat transfer was
examined for a packed-bed of ZnO particles subjected to solar flux
concentration ratios in the range 1225–2133 suns and surface tem-
peratures in the range 1834–2109 K [15,16].

The ZnO decomposition rate is strongly influenced by the
sample structure, and may be considerably higher for porous
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Nomenclature

a particle radius, m
A coefficient in Eq. (28)
Bk blackbody radiation intensity (Plank function), W m�3

c specific heat capacity, J kg�1 K�1

d sample thickness, m
D radiation diffusion coefficient, m
E activation energy, J mol�1

Fv volume distribution function of particles, m�1

H specific enthalpy, J kg�1

H0 formation enthalpy, J kg�1

I0
k spectral radiation energy density, W m�3

k thermal conductivity, W m�1 K�1

K pre-exponential factor, kg m�2 s�1

n index of refraction; external normal
_m decomposition rate, kg m�2 s�1

p porosity
q heat flux, W m�2

Q tr
s transport efficiency factor of scattering

r radial coordinate, m
R universal gas constant J mol�1 K�1

s scaling factor
S irradiated sample surface
t time, s
T temperature, K
y internal normal coordinate, m

Greek symbols
a absorption coefficient, m�1

as absorptivity of solar radiation
b extinction coefficient, m�1

d thickness of ceramic tube, m
e emissivity
q density, kg m�3

r Stefan–Boltzmann constant, W m�2 K�4

rtr transport scattering coefficient, m�1

j index of absorption
k wavelength, m
m stoichiometric coefficient

Subscripts
c ceramics
p at constant pressure
p plate
p1, p2 measurement points
r radiative
R Rosseland
s solar, sample
tr transport
v volume
w wall
k spectral
0 initial
Overbar
— dimensionless quantity
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samples with rough surface and open pores. In the present study,
the applicability of the surface ablation model for porous samples
prepared from various ZnO powders is analyzed based on the
experimental data. A heat transfer model is developed and the
main physical characteristics are estimated by use of detailed tem-
perature and mass loss measurements. The model includes two-
dimensional conduction heat transfer in the sample and insulation,
volumetric effects of thermal radiation, convective heat transfer
between the sample and the ambient gas, and radiative exchange
between the sample and the walls of the thermogravimeter cavity.
Finally, the effects of varying the Ar mass flow rate on the removal
of gaseous products are discussed.
2. Experimental procedure and typical experimental results

The experimental set-up and methodology have been described
in detail [15,16]; only the main features are summarized here and
shown schematically in Fig. 1. The solar-driven thermogravimeter
(solar TG), shown in Fig. 1a, consists of a well-insulated cylindrical
cavity of 152 mm i.d. and 150 mm length, lined with 50 mm-thick
CaO-stabilized ZrO2 bricks over two layers of 36 mm-thick porous
Al2O3. It has a 60 mm-diameter aperture to let in concentrated
solar energy through a transparent 3 mm-thick quartz window. In-
side the cavity, the ZnO sample is mounted on an Al2O3 rod that is
suspended on a balance (Mettler Toledo; accuracy 0.01 g). With this
arrangement, the ZnO sample is directly exposed to concentrated
solar radiation while its weight loss during decomposition is contin-
uously monitored. An Ar flow, injected tangentially and radially at
the aperture plane, carries the gaseous products Zn(g) and O2 to
the outlet port at the rear of the cavity. Ar gas is also introduced into
the box containing the balance to prevent back-flow of hot gases.
Downstream, the Zn(g) is condensed and filtered, and the gas
composition is analyzed. Experimentation was carried out at PSI’s
solar furnace [17]: a sun-tracking flat heliostat on-axis with a sta-
tionary primary paraboloidal concentrator. Peak solar radiative flux
intensities exceeding 5000 kW m�2 are achieved, enabling the sam-
ple in the solar TG to attain temperature above 2500 K at heating
rates higher than 1000 K/s. Solar flux intensities, regulated with a
Venetian-type shutter located between the heliostat and the solar
concentrator, are measured optically with a calibrated CCD camera
on a water-cooled Al2O3-plasma coated Lambertian target.

Samples of ZnO were placed in cylindrical Al2O3 CMC tubular
containers and exposed to concentrated solar irradiation. In this
study, two sample configurations were used, as shown schemati-
cally in Fig. 1b and c. Sample #1 (Fig. 1b) consisted of a 12 mm-
thick porous ZnO powder layer, followed by a 3.7 mm-thick
sintered ZnO tile and 24.3 mm-thick 80% Al2O3–20% SiO2 porous
insulation. Sample #2 consisted of two sintered plates of thickness
3.7 mm each and ZnO powder layer of thickness 12 mm between
the plates. The temperature of the irradiated front surface of the
sample, TS, was measured with the solar-blind pyrometer (mea-
surement range 773–2773 K) that is not affected by the reflected
solar irradiation because it measures in a narrow wavelength
interval around 1.39 lm where solar irradiation is mostly
absorbed by the water vapor in the atmosphere. The temperatures
Tp1

; Tp2
; and Tc were measured with type-B thermocouples. Sam-

ple mass was instantaneously acquired by the mass balance.
Particle volume distribution functions for two ZnO powders

used in the experiments, Fv,1 and Fv,2, respectively, are shown in
Fig. 2. The corresponding mean particle radii, calculated as

aij ¼
Z 1

0
ai�3FvðaÞda

�Z 1

0
aj�3FvðaÞda ð3Þ

are a32,1 = 0.96 lm and a32,2 = 3.14 lm.



Fig. 2. Volume distribution function of ZnO particles for two powders used for the
preparation of porous samples.

Fig. 3. Experimentally measured temperatures and mass loss profiles as a function
of time during a representative solar run.

Fig. 1. Experimental set-up: (a) schematic of the solar TG [15], (b) sample #1, (c)
sample #2. Indicated are temperature measurement points by type-B thermocou-
ples, Tp1

; Tp2
, and Tc, and by a solar-blind pyrometer, Ts, respectively.
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Typical experimental results obtained with sample #1 are
shown in Fig. 3. A strong correlation between the temperature of
the irradiated surface of the sample and the mass loss rate of
ZnO is observed. Therefore, it is assumed that surface ablation is
of primary importance in the decomposition mechanism of porous
ZnO while the volumetric effects of both the decomposition of por-
ous ZnO and combined heat transfer inside the sample play sec-
ondary role. This hypothesis is anticipated to be specific for the
experiments conducted in the solar TG. The conditions in a real so-
lar reactor may differ from those in the present experiments and
volumetric effects may contribute more to the decomposition pro-
cess, in particular due to a more pronounced role of infrared radi-
ation emitted within the reactor cavity. Fig. 4 shows photographs
of the front surface of a non-pre-sintered sample (4a) and a pre-
sintered sample (4b) after the experiment. The formation of the
needle-like structures on both samples was described by numer-
ous authors [18–21] and is attributed to Zn vapor phase deposition
followed by re-oxidation and crystallization. This in turn supports
the hypothesis of the predominant role of surface processes and
the use of an approximate ablation model. The sample in Fig. 4a re-
vealed fractures due to thermal stresses during the rapid radiative
heating, while no cracks were observed in the pre-sintered ZnO
plate of Fig. 4b.
3. Theoretical model of surface ablation and combined heat
transfer in the sample

Conduction and thermal radiation in the porous ZnO sample are
modeled by using average transport properties estimated from the
experimental data such as temperature profiles and mass losses.
The energy conservation equation for a semi-transparent material
is given by

qc
@T
@t
¼ rðkrTÞ � r �~qr ð4Þ

where ~qr is the total radiative flux. It is assumed here that the dis-
sociation reaction is occurring only at the top (irradiated) thin layer
of the sample because of: (i) a very low porosity of ZnO at high tem-
peratures, leading to high resistance to gas diffusion and conse-
quently inhibition of the reaction behind the reacting surface
layer [14] and (ii) a strong dependence of the rate of ZnO



Fig. 4. Photographs of samples taken after the solar runs: (a) porous ZnO sample, and (b) pre-sintered ZnO sample.
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dissociation on temperature according to the Arrhenius law. Thus,
the enthalpy change of the reaction is not included as the source
term in Eq. (4), but in its boundary condition.

Two spectral ranges of thermal radiation are of special interest:
(i) the visible range (VR), covering most of the external solar radi-
ation, and (ii) the near infrared range (NIR), covering most of the
radiation emitted by the sample. The optical properties of ZnO
are significantly different in these two ranges. In VR, the absorption
coefficient is several orders of magnitude larger than that in NIR,
and the material is practically opaque for solar radiation but is
semi-transparent for the thermal radiation emitted by the sample
(see also Section 4). Therefore, the external solar flux can be in-
cluded in the boundary condition of the energy Eq. (4) at the illu-
minated surface S, whereas the infrared radiation constitutes the
divergence of radiative flux~qr in Eq. (4). Porous materials are usu-
ally characterized by strong scattering and large optical thickness
even for small geometrical thickness of the sample. Preliminary
calculations showed that this applies to the samples used in the
present study. Thus, P1 approximation can be employed to model
the NIR radiative transfer in the sample [22,23]. The resulting
equations can be written as follows:

qc
@T
@t
¼ rðkrTÞ �

Z k2

k1

ak 4pn2
kBkðTÞ � I0

k

h i
dk ð5Þ

t ¼ 0 T ¼ T0 ð6Þ

� k
@T
@n
¼ hðT � TgÞ � asqs þ _mDH at surface S ð7Þ

� k
@T
@n
¼ hðT � TgÞ þ ecr T4 � T4

w

� �
at other surfaces ð8Þ

� r DkrI0
k

� �
þ akI0

k ¼ ak4pn2
k BkðTÞ ð9Þ

� Dk
@I0

k

@n
¼ cw

2
4pn2

k BkðTwÞ � I0
k

h i
cw ¼

ew

2� ew
at surface S ð10Þ

� Dk
@I0

k

@n
¼ cc

2
4pn2

k BkðTÞ � I0
k

h i
cc ¼

ec

2� ec
at other surfaces

ð11Þ

where the radiation diffusion coefficient is given by

Dk ¼
1

3btr
k

btr
k ¼ ak þ rtr

k ð12Þ

ak and rtr
k are the absorption and transport scattering coefficients,

respectively [22]. Eqs. (9)–(11) are valid for the complete computa-
tional region including the ceramic insulation, which is semi-trans-
parent in NIR, k1 < k < k2. Note that the factor n2

k has to be omitted
for a highly porous medium consisting of hot grains immersed in a
non-refractive host medium. The velocity and the actual position of
the irradiated surface S are determined by the rate of surface ablation,
dy
dt
¼

_m
q

_m ¼ K exp � E
RT

� �
ð13Þ

where y is the local coordinate measured along the normal vector
pointing from S into the sample interior, _m is the local decomposi-
tion rate, and E is the activation energy of endothermic decomposi-
tion. Eqs. (5)–(12) can be further simplified by assuming that Dk is
low and nk is constant. In this case, the Rosseland diffusion approx-
imation for the total radiative flux can be applied [23]:

~qr ¼ �krrT kr ¼ 16DRn2rT3 ð14Þ

where the Rosseland-averaged radiation diffusion coefficient is gi-
ven by

DR ¼
Z k2

k1

Dk
@BkðTÞ
@T

dk

�Z k2

k1

@BkðTÞ
@T

dk ð15Þ

The Rosseland approximation accurately predicts radiative flux in-
side a medium at large optical distance from the sample boundaries
but it fails near the boundaries [22,23]. Therefore, the following
combined model is proposed:

qc
@T
@t
¼ r k�rTð Þ k� ¼ kþ kr ð16Þ

t ¼ 0 T ¼ T0 ð17Þ

� k�
@T
@n
¼ hðT � TgÞ þ er T4 � T4

w

� �
� asqs þ _mDH at surface S

ð18Þ

� k
@T
@n
¼ hðT � TgÞ þ ecr T4 � T4

w

� �
at other surfaces ð19Þ

Simple estimates showed that convective heat flux at the surface S
is much smaller than the incident solar flux or the flux emitted by
the sample. At the same time, the quasi-steady temperature field
in the sample depends considerably on convective heat losses from
the cylindrical sample container. Therefore, the heat transfer coeffi-
cient h is calculated as an average value around the horizontal cyl-
inder by using the natural convection correlation by Churchill and
Chu [24]. For simplicity, the same approximate value is used for
all surfaces around the computational region. The small contribu-
tion by forced convection due to Ar flow is neglected.

The enthalpy of the endothermic ZnO dissociation reaction is
given by:

DHðTÞ ¼
X

i

mi H0;i þ
Z T

Tref

cp;i dT

 !
ð20Þ

where i = ZnO, Zn, and O2. Formation enthalpies H0,i and the specific
heats cp,i are taken from [25]. The resulting DH(T) is monotonically
decreasing from 5.74 MJ kg�1 at 1500 K to 5.49 MJ kg�1 at 2500 K.
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The system of Eqs. (16)–(20) is used to compute the transient
temperature field in the sample. However, it contains several un-
known coefficients describing the material physical properties.
Those of them that could not be indentified based on the solar
TG experimental data were determined independently as pre-
sented in the next section.
4. Physical properties of porous zinc oxide

4.1. Density

The density of the bulk ZnO is assumed to be constant,
q = 5600 kg m�3. The density of the porous material is (1 � p)q,
where p is the material porosity. Note that p changes significantly
during an experimental run due to sintering [16,18,19].

4.2. Thermal conductivity

A monotonically decreasing value from k = 30 W m�1 K�1 at
298 K to about k = 3.5 W m�1 K�1 at 1100 K is reported in [26].
Similar values were measured recently by Cai et al. [27] for hot-
pressed ceramic samples of fine ZnO powder (particles of size
1.1–2 lm). It was found that k decreases from about 28.5 W m�1

K�1 at 298 K to 8 W m�1 K�1 at 873 K. The dependence of the
thermal conductivity on an average particle diameter from
0.745 W m�1 K�1 at the particle diameter 1 lm to 1.16 W m�1 K�1

at 0.02 lm was found by Olorunyolemi et al. [28]. These values
increase with temperature up to 1.1–2 W m�1 K�1 at 873 K,
whereas the maximum is reached for the smallest particles. More-
over, it was shown experimentally and verified theoretically that k
increases not only during heating but also during a subsequent
cooling, leading to a value of 2.6 W m�1 K�1 at 298 K for the initial
average particle diameter of 1 lm. Thermal conductivity of a fully
sintered sample is given in [22]. It decreases from 37 W m�1 K�1 at
298 K to 4 W m�1 K�1 at 1273 K. To our best knowledge, there are
no data on thermal conductivity for ZnO in the temperature range
1300–2300 K. Based on the data from [26], k is assumed to de-
crease below 4 W m�1 K�1 at above 1300 K.

4.3. Optical constants

The index of refraction of ZnO is widely available in the litera-
ture [29–32]. Its spectral variation in the visible and near infrared
spectral ranges is small and one can use the constant value n = 1.9.
At the same time, the absorption index in the semi-transparency
range is only partially known. Following the approximation used
in [33,34], it can be expressed as

jk ¼
j0; k < k0

j1 þ j0 � j1ð Þ 1þ cðk2 � k2
0Þ

� �	
; k > k0

(
ð21Þ

where j0 = 0.5, k0 = 0.37 lm, c = 120 lm�2 and 10�4 < j1 = 5 �
10�4. Eq. (21) approximates the data by Yoshikawa and Adachi
[31] in VIR (k < 0.8 lm) and is only a formal extrapolation to NIR.
Additional information on the ZnO absorption index in NIR can be
extracted from the experiments by Tolksdorf [35]. The value of
jk ¼ 5:8� 10�4 for k > 4.02 lm, calculated from the reported trans-
mittance of Tk = 53.8% of ZnO crystal sample of thickness d = 2 mm,
is in a good agreement with approximation (21). Bogner and Mol-
lwo [36] found that small additives of copper or indium to pure
crystal of ZnO significantly increased the absorption index in the
wavelength range 0.4–10 lm. Thomas [37] measured absorption
of single ZnO crystals in the 1–12 lm range. Most results were ob-
tained at room temperature with the crystals surrounded by air. A
lithium-doped crystal, virtually free of conduction electrons,
showed no absorption between the intrinsic absorption near
0.4 lm and the infrared lattice absorption bands with peaks at
10.1 and 11.5 lm. For an undopted crystal, absorption is apprecia-
ble and increases for wavelengths greater than 2 lm, but only small
absorption maxima and minima can be observed for wavelengths
smaller than those corresponding to the lattice bands. The reported
absorption coefficient at k = 4 lm is approximately ak = 20 cm�1,
which corresponds to jk ¼ 6:4� 10�4. Recent studies confirm high
transparency of the films of pure ZnO in the range 0.5–2.3 lm
[38–40]. An absorption peak due to admixtures containing O–H
bonds at k � 3 lm was observed by Keyes et al. [39]. Shiraka et al.
[40] showed that the presence of oxygen flow during the manufac-
turing process of polycrystalline Ga-doped ZnO films of an average
thickness of 0.18 lm increases their absorption coefficient in the
near-infrared range.

4.4. Radiative properties

The radiative properties of porous materials depend on the
spectral optical constants of solid grains, the porosity p, and mate-
rial structure characterized by several parameters including the
characteristic pore/grain size. The determination of the absorption,
transport scattering, and transport extinction coefficients, ak,
rtr

k ; and btr
k , respectively, of a porous material directly from its bulk

optical constants and the structural characteristics is a complex
problem even in a relatively simple case of large pores and parti-
cles when geometrical optics approximation is applicable [41,42].
In the case of small particles of size comparable with radiation
wavelength, the radiative properties are usually determined
experimentally. ak and btr

k can be identified on the basis of spectral
measurements of directional-hemispherical reflectance and trans-
mittance of thin plane-parallel samples [43–46]. For ZnO, the spe-
cific character of the optical properties enables one to introduce
several simplifications in the semi-transparency range. The absorp-
tion coefficient of a weakly absorbing porous material is propor-
tional to the material density:

ak ¼ ð1� pÞak0 ð22Þ

where ak0 ¼ 4pjk=k is the absorption coefficient of the bulk mate-
rial. This approximation was recently confirmed to be applicable
for semi-transparent ZrO ceramics [44]. The transport scattering
coefficient of porous materials can be estimated by using the fol-
lowing relations [22,43]:

rtr
k ¼ 0:75s

1� p
a32

Q tr
s Q tr

s ¼
Z 1

0
Q tr

s a�1FvðaÞda
Z 1

0
a�1FvðaÞda

�
ð23Þ

where Q tr
s is the transport efficiency factor of scattering of single

particles, a32 is the characteristic size of spherical grains, s is the
scaling factor taking into account the dependent scattering effects.
Singh and Kaviany [47,48] proposed an analytical expression for
s(p) for emitting, highly-absorbing beds of large spherical particles
for p > 0.3. An alternative relation, s = 1/p, was derived by Brewster
[49] by using the mean-beam-length approach for packed beds of
large opaque spheres. The values predicted by this relation for
p > 0.3 are in good agreement with those obtained by a Monte Carlo
simulation by Singh and Kaviany and, more recently, by Coquard
and Baillis [50]. Although the particles used in the present study
are mostly of size comparable with radiation wavelength are
semi-transparent, we use Eq. (23) with the scaling factor s = 1/p
for very preliminary estimates of rtr

k . Application of the Mie theory
to the ZnO particles with size distributions shown in Fig. 2 leads to
rtr

k between 250 and 600 mm�1 for distribution Fv,1 and between 50
and 150 mm�1 for distribution Fv,2, respectively, in the wavelength
range from k1 = 0.8 lm to k2 = 4 lm, and for p = 0.71 (the same ini-
tial porosity for both size distributions). The real grains in a sample
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may be larger than single primary ZnO particles due to agglomera-
tion and subsequent sintering at high temperatures, but scattering
is anticipated to remain the dominant attenuation mode of radia-
tion including NIR. Finally, the spectral emissivity of a porous
weakly-absorbing material can be estimated as [22]:

ek ¼
2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ak=b

tr
k

q
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ak=b

tr
k

q ð24Þ

According to Eq. (24), the emissivity of porous ZnO material de-
creases monotonically with wavelength because of a similar trend
of the absorption coefficient. This prediction is in good qualitative
agreement with experimental data by Möller [51].

5. Analysis

5.1. Estimation of thermal conductivity of sintered ZnO plate from the
measured temperatures

Thermal conductivity of sintered ZnO is determined based on
temperature profiles measured during a cooling phase of the
experiment with sample #1 (Fig. 1b). A small difference between
temperatures Tp1

and Tp2
, shows that heat is transferred mainly

into the radial direction, i.e. through the wall of ceramic tube to
ambient gas. A simultaneous measurement of the tube surface
temperature Tc enables verification of both the thermal conductiv-
ity of the ZnO plate and the heat flux at the tube surface. Consider
the following transient problem for radial heat conduction in the
plate and the tube:

qc
@T
@t
¼ 1

r
@

@r
kr
@T
@r

� �
ð25Þ

t ¼ 0 T ¼ T0ðrÞ ð26Þ

r ¼ 0
@T
@r
¼ 0 r ¼ r0 ¼ rs þ dT ¼ TcðtÞ ð27Þ

where rs and d are the plate radius and tube thickness, respectively.
Assuming constant thermal properties, the following approximation
is employed for the initial radial temperature profile (see also [34]):

T0ðrÞ ¼
Tp;0 � Aðr=rsÞ2; 0 < r < rs

Tc;0 þ 2A�kðr0 � rÞ=rs; rs < r < r0

(
ð28Þ
Fig. 5. Temperature of sintered ZnO plate center and ceramic tube surface after the
active phase of experiment: Tp1

; Tp2
, Tc – measured, Tp – numerically calculated at

the plate center.
where

Tp;0 ¼
Tp1
ð0Þ þ Tp2

ð0Þ
2

Tc;0 ¼ Tcð0Þ A ¼ Tp;0 � Tc;0

1þ 2�d�k

�d ¼ d
rs

�k ¼ kZnO

kc
ð29Þ

The calculations were performed for (qc)ZnO = 2.8 MJ m�3, (qc)c =
0.32 MJ m�3, kc = 0.25 W m�1 K�1 and kZnO = 2 W m�1 K�1. The
resulting temperature profiles at various times are similar to the
initial temperature profile, corroborating the correct choice of
the latter. Also, the transient temperature at the center of the plate,
Tp(t) = T(t, 0), is in fairly good agreement with that obtained exper-
imentally as shown in Fig. 5. Additional calculations for kZnO = 1 and
3 W m�1 K�1 confirmed the value of kZnO = 2 W m�1 K�1 to be a
good choice in the temperature range 600–1600 K.

5.2. Estimation of the heat flux at the lateral wall of the sample
container

It is necessary to validate the boundary condition at the lateral
wall before it is employed in the complete computational model.
The heat flux from the lateral surface of the sample container can
be estimated without heat conduction calculations because one
can use a parabolic approximation of the temperature profile sim-
ilar to Eq. (28). The resulting heat flux is given by

qðtÞ ¼ k1

rs

Tp;1ðtÞ þ Tp;2ðtÞ � 2TcðtÞ
1þ 2�d�k

ð30Þ

The results of calculations based on Eq. (30) are in good agreement
with those based on the convection–radiation boundary condition,

qðtÞ ¼ h½TcðtÞ � Tg� þ ecr T4
c ðtÞ � T4

wðtÞ
h i

ð31Þ

where Tg = 300 K and ec ¼ 0:85. The heat transfer coefficient h is cal-
culated by using the natural convection correlation from [24]. The
cavity wall temperature Tw(t) was measured experimentally by
using sample #1. The above discussed agreement between the cal-
culated and measured temperatures of the sample and ceramic tube
surface confirms that the coefficients used in the boundary condi-
tions (18) and (19) are correct.

5.3. Determination of the temperature field by using the measured
boundary temperature

Sample #2 was used in a reference experimental run conducted
at moderate incident solar flux, qs = 0.91 MW m�2, which enabled
long-time heating without a significant mass decrease of the front
ZnO plate (approximately 4.2%). The boundary condition of the first
kind at the surface S is applied, i.e. the measured temperature of
the irradiated surface Ts shown in Fig. 6 is used as a boundary con-
dition. The thermal conductivity of the plates is set to k1 =
2 W m�1 K�1. The emissivity of the ceramic insulation is set to
ec ¼ 0:85. The density of the porous sample varies during the
experiment with concurrent formation of gaps (see Fig. 7), but
the total mass of this sample remains constant during the experi-
ment. Thus, the average density in the volume occupied by this
sample, q = 1671 kg m�3, is used to calculate the average volumet-
ric heat capacity. The effective thermal conductivity of the porous
sample is expected to increase with temperature due to the
contribution by thermal radiation, grain growth, and sintering.
For simplicity, it is assumed that it increases linearly from 1 to
10 W m�1 K�1 between 300 and 2300 K. The results shown in
Fig. 6 indicate good agreement between the calculated and mea-
sured values of Tp1 . The small increase of measured Tp1 is explained
by the ablation of the surface layer. The more pronounced increase
of Tp2 and Tc with time results from the time variation of the



Fig. 6. Comparison of the measured and calculated temperatures in the composite
sample for the reference experimental run.

Fig. 8. Numerically calculated temperature profiles along the axis of the composite
sample in the reference experimental run.
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physical properties of the porous layer. Fig. 7a and b show the
sintered ZnO plate and the porous ZnO layer after the experiment,
respectively. Due to the sintering, a large circular gap between the
Fig. 7. Photographs taken after the reference experimental run: (a) sintered front
plate, and (b) porous sample after removing the front plate.
sample and the insulation tube is formed. Sintering justifies using
an increasing thermal conductivity – for which a better agreement
between the measured and calculated temperatures is obtained.

The calculated axial temperature profiles are shown in Fig. 8.
These are approximately linear in each ZnO layer and enable a sim-
plified engineering approach. Specifically, the conductive heat flux
from the ablating surface can be easily estimated by using the tem-
perature difference in the front plate. The conductive heat flux was
found to be approximately equal to 0.2 MW m�2.

5.4. Determination of the temperature field by using the radiation–
convection boundary condition

In the present section, the boundary condition (18) is employed
to determine the temperature field. Since the mass loss rate is
strongly dependent on Ts, this temperature should be determined
with maximum accuracy. For this purpose, the experimental data
obtained during the reference experimental run with sample #2
are used. The energy balance at the sample surface during the qua-
si-steady period is formulated as:

asqs ¼ esr T4
s � T4

w

� �
þ qcond þ qconv þ DH � K exp �E=RTsð Þ ð32Þ

where all the terms are practically independent of time. Note that
T4

w << T4
s and the corresponding term in Eq. (32) can be simplified.

For the conditions of the reference experimental run, the last term
in Eq. (32) is also negligible and can be omitted. The solar radiation,
conduction, and convection fluxes are taken equal to qs = 0.91
MW m�2, qcond = 0.2 MW m�2, and qconv = 0.1 MW m�2, respec-
tively. For as = 0.9 and ec ¼ 0:69 [51], we find Ts � 1900 K, which
is very close to the pyrometer temperature (see Fig. 6). The
approach presented in this section leads to the same calculated
temperatures inside the sample as those shown in Fig. 6, which con-
firms the applicability of the boundary condition given by Eq. (18)
with the above-specified parameters.

5.5. Determination of the kinetic parameters of ablation

The experimentally measured decomposition rate of ZnO fol-
lows an Arrhenius-type law with the surface temperature
[15,16]. In our analysis, E = 361 kJ/mol [15]. The focus is on the
determination of the pre-exponential factor K, which is sensitive



Table 1
Pre-exponential factor in the Arrhenius kinetic law with E = 361 kJ/mol.

Sample Ar flow rate (m3/s) K (kg m�2 s�1)

#1 using small particles (Fv,1) Normal flow rate 0.2 � 10�3 14.03 � 106

Double flow rate 0.4 � 10�3 28.95 � 106

#2 using small particles (Fv,1) Normal flow rate 0.2 � 10�3 8.16 � 106

#2 using large particles (Fv,2) Normal flow rate 0.2 � 10�3 20.36 � 106
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to the sample structure (e.g. porosity and particle size) and exper-
imental conditions (e.g. Ar mass flow rate). The corresponding
experimental results are presented in Table 1. K strongly increases
with the Ar mass flow rate. Interestingly, for the sample containing
large particles (Fv,2), its mass continued to decrease after interrup-
tion of the solar irradiation. Note that samples are assumed to be
perfectly opaque for incident solar radiation. This assumption ap-
pears to be correct for the continuous model of the sample optical
properties. However, for porous samples containing large particles,
solar radiation may penetrate to depths comparable with the char-
acteristic grain/pore size, leading to a volumetric energy source ef-
fect, and consequently, maintain the reaction after interruption of
the solar irradiation. A complete model for thermal decomposition
of ZnO layers should also include the effect of gas flow over the
ablating surface.

6. Conclusions

The thermal decomposition of porous ZnO exposed to concen-
trated solar radiation can be treated as surface ablation coupled
to an Arrhenius-type decomposition rate law. The pre-exponential
factor depends significantly on the porosity and grain size of the
material, as well as on the mass flow rate of the inert gas. A tran-
sient heat transfer model that takes into account combined radia-
tive–conductive heat transfer in a semi-transparent ablating
sample is formulated. Both radiative and convective heat losses
are included in the boundary conditions. The radiative part of the
model is based on the P1 approximation for the thermal radiation
emitted by the sample. The effective thermal conductivity of sin-
tered and porous ZnO is determined by comparing the numerically
calculated and experimentally measured temperatures at several
locations. The analysis of the temperature field showed that sinter-
ing of the porous sample is a long process that takes place even
after a quasi-steady temperature field has developed, accompanied
by a considerable change in the material effective conductivity. A
simplified ablation model based on the surface energy balance
and on the estimates of conductive, convective and radiative heat
losses is proposed. This model includes a preliminary dependence
of the pre-exponential factor on material porosity and convective
removal of the gaseous reaction products from the surface. The lat-
ter effect, observed experimentally, leads to considerable increase
in the decomposition rate.
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