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solar reactor consisting of a cavity-receiver containing an array
f tubular absorbers is considered for performing the ZnO-
issociation as part of a two-step H2O-splitting thermochemical
ycle using concentrated solar energy. The continuity, momentum,
nd energy governing equations that couple the rate of heat trans-
er to the Arrhenius-type reaction kinetics are formulated for an
bsorbing-emitting-scattering particulate media and numerically
olved using a computational fluid dynamics code. Parametric
imulations were carried out to examine the influence of the solar
ux concentration ratio (3000–6000 suns), number of tubes (1–
0), ZnO mass flow rate (2–20 g/min per tube), and ZnO particle
ize �0.06–1 �m� on the reactor’s performance. The reaction ex-
ent reaches completion within 1 s residence time at above 2000
, yielding a solar-to-chemical energy conversion efficiency of up

o 29%. �DOI: 10.1115/1.3097280�

Introduction

H2O-splitting thermochemical cycles are being considered for
olar hydrogen production via redox reactions involving, e.g.,
nO, MnO2, and mixed ferrite oxides �1�. In an endothermic solar
tep, the metal oxide is thermally dissociated using high-
emperature solar process heat. In an exothermic nonsolar step,
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the reduced metal or lower-valence metal oxide is reacted with
H2O to generate H2, and the original metal oxide that is recycled.
Solar reactors concepts for reducing metal oxides can be classified
into those based on the direct solar irradiation through transparent
windows �2,3� and those based on the indirect irradiation through
opaque reactor walls �4–6�. The dissociation of ZnO has been
experimentally demonstrated with both reactor concepts �2,4�.
This paper deals with the redesign of a solar reactor based on the
indirect irradiation concept using an opaque tube �or array of
tubes� as the absorber �4�. In the single-tube configuration, a large
portion of the solar power input ��40%� is lost by reradiation. A
reactor model is developed for the purpose of optimizing the de-
sign for maximum solar-to-chemical energy conversion efficiency.

1.1 Reactor Design and Modeling

1.1.1 Reactor Configuration. The improved reactor design ad-
dresses the reradiation problem by enclosing the absorber tube
with a cavity containing a small aperture for the access of con-
centrated sunlight. A compound parabolic concentrator �CPC� is
incorporated into the aperture to further increase the solar flux
concentration ratio C. The inner cavity walls reflect diffusely or
specularly. An array of multiple tubes is considered, as shown
schematically in Fig. 1. To reduce computing time, a large number
of 2D simulations and a smaller set of selected 3D simulations are
performed. The 2D geometry is obtained by cutting a horizontal
slice in the x-y-plane through the middle of the reactor.

1.1.2 Governing Equations. The continuity, momentum, and
energy conservation equations are given by

��

�t
+ � · ��ū� = Sm �1�

�

�t
��ū� + � · ��ūū� = − �p + � · �� � ū� �2�

�

�t
��h − p� + � · �ū��h�� = � · �k � T� + Sh �3�

In solid regions, Eq. �3� becomes

�

�t
��h� = � · �k � T� �4�

The ZnO particle suspension is modeled as a semitransparent con-
tinuum. The equation of radiative transfer for an absorbing, emit-
ting, and scattering medium is given by

Fig. 1 Solar reactor configuration consisting of a cylindrical
cavity containing an array of absorber tubes. The shadowed
rectangle indicates the aperture. The dashed line indicates the

x-y-plane used for the 2D clip.
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�I�r̄, s̄�
�s

+ �a + �s�I�r̄, s̄� = an2Iblackbody�r̄�

+
�s

4�
�

0

4�

I�r̄, s̄����r̄, s̄ · s̄��d�� �5�

quation �5� is solved within two wavelength bands: 0–1.5 �m
nd 1.5–� �m. The solar spectrum is approximated by a 5800 K
lackbody, with 90% of the emissive power in the first band.
lastic and independent scattering is assumed �7�. Mie theory is
pplied using the BHMIE algorithm written by Bohren and Huff-
an �8� implemented in MATLAB. The complex refractive index of
nO is shown in Fig. 2�a� �9,10�. The absorption and scattering
fficiencies for ZnO particles 1 �m and 0.06 �m in diameter are
lotted in Fig. 2�b�.

1.1.3 Reaction Kinetics. Assuming an ideal plug-flow reactor
nd first-order reaction �11�, the reaction extent is given by

X = 1 − e−kr� �6�

here the rate constant obeys the Arrhenius law, kr=k0e−EA/RT,
ith an activation energy EA of 356 kJ/mol and a frequency factor

0 of 4	109 s−1 �4�.

1.1.4 Numerical Algorithm. Computational fluid dynamics
CFD� is performed with FLUENT Version 6.3.21 beta, using GAM-

IT Version 2.3.16 as preprocessor �12�. The discrete ordinates
DO� radiation model �13� is applied to solve Eq. �5� for a finite
umber of discrete angles, each associated with a vector direction
fixed in the Cartesian system �12�. Each octant of the angular

pace 4� at any spatial location is discretized into N
	N� solid
ontrol angles. 4N
	N� and 8N
	N� directions are solved in

Table 1 Factor definition for the first and

Factor

First design

High level

dp 0.06 �m
cavity Diffuse
C 6000 suns.
ṁZnO 10 g/min/tube 2
Window aspect ratio
�height:width� 3:1
rc 0.14 m
Ntubes 5
rh /rc 0.6

λ (µm)

n

2

1.5

1

0.5

0
10110010−110−2

4

3

2

1

0

(a)

Fig. 2 „a… Real and imaginary part, n
Scattering and absorption efficiencie
diameter ZnO particles.
D and 3D, respectively. The governing equations are discretized
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and solved sequentially on the individual control volumes of the
meshed geometry by the finite-volume technique with a second-
order upwind scheme �Green–Gauss node-based gradient option
and algebraic multigrid method�. A fixed V-cycle is applied for
pressure and a flexible cycle is applied for the transport equations.
Convergence runs for temperature and energy balance leads to a
scaled residual target for the DO intensity equation of 10−10.

1.1.5 Boundary Conditions. Incoming solar radiation at the
exit of the CPC is assumed diffuse and uniformly distributed. The
absorption coefficient of quartz window is equal to 1 m−1 and
4 m−1 for the first and second bands, respectively. For the case of
a diffusely-reflecting cavity wall, �=0.8 for both bands, and the
insulation is modeled with a thickness of 5 cm, outer boundary at
300 K, and thermal conductivity of 0.3 W / �m K� �typical for
ZrO2 or Al2O3-based ceramic insulation�. For the case of a
specularly-reflecting adiabatic cavity wall, �=0.4 and 0.02 for the
first and second bands, respectively. The absorber tubes are as-
sumed to be made of SiC, 0.2 m in height, and approach a black-
body behavior. The input solar power is set to 6.6 kW and 8 kW
for the 2D and 3D simulations, respectively, which correspond to
a mean solar concentration ratio of 3000 suns1. For the 2D simu-
lations, a sink-term equation is introduced

Qsink = ṁAr · cp,Ar · �T − Tinitial� + ṁZn · cp,Zn · �T − Tinitial�

+ X · Hreact · ṁZnO �7�

where the first two terms denote the sensible heat necessary to
heat Ar and ZnO flows from the initial temperature �assumed 500

1 2

ond two-level fractional factorial analyses

Second design

level High level Low level

0 �m 0.06 �m 0.53 �m
ecular Diffuse Specular
0 suns 6000 suns 4500 suns
in/tube 10 g/min/tube 6 g/min/tube

.75:1 3:1 0.75:1
.1 m 0.14 m 0.12 m
3 5 4

1.0 0.6 0.8

Qλ,a, dp=1 µm
Qλ,s, dp=1 µm
Qλ,a, dp=0.06 µm
Qλ,s, dp=0.06 µm

λ (µm)

Q
λ

,i

10110010−110−2

4

3

2

1

0

b)

�, of the refractive index of ZnO. „b…
�s and Q�a, for 1 �m and 0.06 �m
sec

Low

1.0
Sp

300
g/m

0
0

k

(

and
s, Q
1 sun corresponds to a solar radiative flux of 1 kW /m .
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� to the absorber tube temperature, and the third term denotes the
nthalpy change of the chemical reaction.

1.1.6 Energy Conversion Efficiencies. The absorption effi-
iency and the solar-to-chemical energy conversion efficiency are
efined as

rh

ra

rc

ig. 3 Fractional factorial design parameters: cavity radius rc,
bsorber tube radius ra, and help circle radius rh

ig. 4 Temperature field „in kelvin… for a specularly-reflecting
avity with four absorber tubes. Baseline parameters: C
4500 suns, rc=0.12 m, ra=0.0227 m, rh=0.096 m, and ṁZnO
6 g/min per tube.

10%
5%

factor

η s
o
la

r−
to

−
ch

e
m

ic
a
l
(%

)

151413121110987654321

10

8

6

4

2

0

(a)

Fig. 5 Pareto charts on „a… the solar-t
„in percent… and „b… the average absor
lines indicate the boundary for 5% an
numbers denote „1… dp, „2… specularly/
„5… window aspect ratio, „6… rc, „7… r
reflecting cavity, „10… dp

�C, „11… dp
�ṁZnO

� �

„14… dprh, and „15… dpNtubes.
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�absorption =
Qsink

Qsolar
�8�

�solar-to-chemical =
X · Hreact · ṁZnO

Qsolar
�9�

1.2 Numerical Results. Two two-level fractional factorial
analyses of resolution 4 �14� are applied with the baseline param-
eters listed in Table 1 and indicated in Fig. 3. The tubes are posi-
tioned on a “help” circle of radius rh. The absorber tube radius ra
varies between 0.0194 m and 0.0429 m for three tubes and be-
tween 0.0105 m and 0.0246 m for five tubes. The temperature
field is shown in Fig. 4 and reveals a maximum temperature gra-
dient of 200 K in the absorber tubes for a solar flux concentration
ratio of 4500 suns.

Pareto charts on �solar-to-chemical �in percent� and on the average
Tabsorber �in kelvin� are shown in Figs. 5�a� and 5�b�, respectively.
The most significant factor is the ZnO mass flow rate. Higher
ṁZnO leads to higher �solar-to-chemical, but lower X and Tabsorber. In
contrast, higher X can be achieved—besides a lower ṁZnO—with
a specularly-reflective cavity wall, lower Ntubes, and higher C. A
diffusely-reflecting cavity wall promotes a more uniform tempera-
ture profile around the absorber tube and in the cavity, while de-
creasing the ratio of window-to-cavity area results in higher ab-
sorber temperatures. A second-order 2k� factorial model of the
spherical central composite design �CCD� is applied, using
MINITAB �Version 14.1� with k�=3. Figure 6 shows the contour
plots of �solar-to-chemical as a function of C, ṁZnO, and Ntubes. As
expected, �solar-to-chemical increases with C. The combination of
Ntubes and ṁZnO per tube indicates an optimum for maximum
�solar-to-chemical. For Qsolar=8 kW, ra=0.02 m, and Ntubes=6, ṁZnO
is optimal at 42 g/min, yielding �solar-to-chemical=29%. Table 2 lists
the results of the full factorial design analysis for three tubes �runs
1–16� and for seven tubes �runs 17–24� with different absorber
area per length, A0. Higher C and ṁZnO lead to higher �absorption,
while higher C and Ntubes lead to higher �solar-to-chemical. Since
more tubes imply smaller diameters, the temperature gradient in
the tube decreases �at constant total ṁZnO� and the average fluid
temperature increases, resulting in a higher reaction extent.

2 Summary and Conclusions
CFD was applied to solve the continuity, momentum, and en-

ergy conservation equations formulated for a cavity-receiver con-
taining an array of tubular reactors for the thermal dissociation of

10%
5%

factor

T
(K

)

151413121110987654321

550
500
450
400
350
300
250
200
150
100
50
0

b)

hemical energy conversion efficiency
tube temperature „in kelvin…. The two
0% probability of type 1 error. Factor
usely-reflecting cavity, „3… C, „4… ṁZnO,
8… Ntubes, „9… dp

� specularly/diffusely-
2… dp

� window aspect ratio, „13… dp
�rc,
(

o-c
ber
d 1
diff
h, „

, „1
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nO. The solar flux concentration ratio, ZnO mass flow rate, num-
er of tubes, and their dimensions are the most important param-
ters affecting the reaction extent, absorber temperature, absorp-
ion efficiency, and solar-to-chemical energy conversion
fficiency. High solar flux concentration ratios lead to superior
erformance. For a solar input power of 8 kW, absorber radius of
.02 m, and a six tube configuration, a total ṁZnO of 42 g/min is
ptimal, yielding a maximum �solar-to-chemical of 29%. For a con-
tant total ṁZnO, larger ra results in higher temperature gradients
nd, consequently, a reduced Tabsorber and lower reaction extent.
or a selected absorber area, A0, more and smaller tubes are pre-
erred.
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Table 2 Parameters and results of the two „ru

Run
C

�suns�
ṁZnO

�g/min/tube� Ntubes

ra
�m�

1 3000 4 3 0.048
2 3000 8 3 0.048
3 3000 9.3 3 0.048
4 3000 18.7 3 0.048
5 6000 4 3 0.048
6 6000 8 3 0.048
7 6000 9.3 3 0.048
8 6000 18.7 3 0.048
9 3000 4 3 0.027
10 3000 8 3 0.027
11 3000 9.3 3 0.027
12 3000 18.7 3 0.027
13 6000 4 3 0.027
14 6000 8 3 0.027
15 6000 9.3 3 0.027
16 6000 18.7 3 0.027
17 3000 4 7 0.02
18 3000 8 7 0.02
19 6000 4 7 0.02
20 6000 8 7 0.02
21 3000 4 7 0.011
22 3000 8 7 0.011
23 6000 4 7 0.011
24 6000 8 7 0.011

Fig. 6 Contour plots for �solar-to-chemical „%… as a function o
plot, the high level of the third parameter is kept constant
ially supporting this work.
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Nomenclature
A0 � area per length �m�
a � absorption coefficient �m−1�
C � solar flux concentration ratio
cp � specific heat capacity �J kg−1 K−1�
dp � particle diameter �m�

EA � activation energy �J mol−1�
h � specific enthalpy �J kg−1�
I � intensity �W m−2 sr−1�
k � thermal conductivity �W m−1 K−1�

kr � rate constant �s−1�
k0 � frequency factor �s−1�
ṁ � mass flow rate �kg s−1�

Ntubes � number of absorber tubes
N
 � number of polar angles
N� � number of azimuthal angles

n � real part of refractive index
p � pressure �Pa�

Q�,a � absorption efficiency

1–16 and 17–24… full factorial design analyses

A0
m�

�absorption
�%�

�solar-to-chemical
�%� X

Tabsorber
�K�

0.9 25.25 13.99 0.952 2042
0.9 29.38 17.27 0.58 1925
0.9 29.95 17.48 0.502 1906
0.9 31.9 16.62 0.241 1826
0.9 28.03 14.66 1 2340
0.9 35.99 23.42 0.788 1979
0.9 36.51 23.62 0.679 1950
0.9 37.85 22.24 0.322 1852
0.5 19.3 14.59 0.998 2117
0.5 26.03 20.1 0.673 1947
0.5 26.67 20.36 0.583 1925
0.5 29.14 19.46 0.277 1840
0.5 20.21 14.65 1 2474
0.5 32.95 26.71 0.898 2019
0.5 33.81 27.16 0.777 1977
0.5 35.64 25.75 0.364 1866
0.9 29.01 22.13 0.641 1939
0.9 31.55 21.39 0.308 1852
0.9 35.79 28.64 0.83 1992
0.9 37.7 27.34 0.393 1876
0.5 26.66 22.07 0.635 1938
0.5 29.33 21.33 0.305 1849
0.5 33.53 28.75 0.825 2094
0.5 35.74 27.58 0.391 1873

… ṁZnO and Ntubes, „b… ṁZnO and C, „c… C and Ntubes. In each
=5392 suns, Ntubes=6, and ṁZnO=7.16 g/min/tube….
ns

�

f „a
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Q�,s � scattering efficiency
Qsink � sink term �W�
Qsolar � solar power input �W�

R � universal gas constant �8.314 J K−1 mol−1�
r̄ � position vector �m�

ra � absorber tube radius �m�
rc � cavity radius �m�
rh � help circle radius �m�
s � path length �m�
s̄ � direction vector �m�

s̄� � scattering direction vector �m�
Sm � mass source term �kg m−3 s−1�
Sh � volumetric heat source term �W m−3�
T � temperature �K�

Tabsorber � absorber temperature �K�
Tinitial � initial temperature �K�

t � time �s�
ū � velocity vector �m s−1�
X � reaction extent

Hreact � reaction enthalpy change �J kg−1�
� � emissivity
� � efficiency

 � polar angle �rad�
� � imaginary part of the refractive index
� � wavelength �m�
� � dynamic viscosity �kg m−1 s−1�
� � density �kg m−3�
� � Stefan-Boltzmann constant

�5.672	10−8 W m−2 K−4�
�s � scattering coefficient �m−1�

� � residence time �s�
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� � scattering phase function
�� � solid angle �rad�
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