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Abstract: The design elements considered during the construction of a thermochemical reactor
determine its thermal performance. This current study investigated the effect of design elements,
such as boundary layer thickness, insulating materials for the outlet tube design and fluid inlet
locations of the frustum, on the thermal performance of a proposed syngas production reactor with
incident radiation heat transfer through quartz glass. The P1 radiation approximation model and
fluid flow in the shallow path were integrated into a proposed radiation model. The result indicated
that inlet mass flow rates from 5 × 10−4 to 14 × 10−4 kg/s increased the temperature in the cavity and
the outlet. The fluid inlet located at the top of the quartz glass edges was found to have better thermal
performance and maximum average outlet temperature. Insulation for fluid inlets tube above the
quartz glass edges of the frustum was very important for the prevention of radiation loss through
quartz glass and sedimentation of fluid particles around the quartz glass edge, and the facilitation of
fast heat transfer towards the internal part of the reactor. The outlet that was a tube designed using
an aluminum oxide-type insulator with a 50 mm boundary layer thickness was found to increase the
average outlet temperature of the reactor. This study revealed that fluid entry and exit locations on
the frustum and proper fluid outlet design were critical for the thermal performance analysis of the
solar thermochemical reactor for heat transfer with quartz glass. Findings from this study will be of
relevance to chemical and power engineering sectors, as well as academia.

Keywords: incident radiation; thermal performance; thermochemical reactor; heat transfer; reactor
tube design

1. Introduction

The global climate is increasingly changing due to increased emission of greenhouse gasses from
the burning of fossil fuels. This phenomenon has been shown to have adverse impact on human
life and nature. The use of renewable sources of energy becomes imperative at this time, as they are
readily available to mankind, economically sustainable and provide cleaner energy, as opposed to
nonrenewable energy sources.

Syngas is a promising renewable energy with potential application in power generation.
It can be produced through the application of concentrated solar power (CSP) in conjunction with
a thermochemical reactor. In syngas production, the design of the reactor is important for effective
and efficient collection, processing and storage of solar energy [1–3]. Other factors that affect the
thermal performance of a reactor during syngas production include geometry, thermal insulation,
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input materials, and inlet parameters. In the process of solar heat transfer, concentrated solar
energy that is absorbed directly from the sun passes through a quartz glass into the reactor with
the help of an inlet fluid. This energy can be used directly for the production of electricity and
syngas, as well as thermochemical storage through a chemical reduction and oxidation process.
Reduction followed by oxidation and ionization with water molecules produces enough hydrogen,
which can fulfill global energy demand [4–7]. High-temperature thermochemical processes are
utilized in facilitating the chemical reduction process of metal oxide with the aim of gasification
of high carbonate concentrate in synthesizing valuable fuels and chemicals by concentrating solar
energy [1,8–16]. About 1200 to 1900 K can be used for the reduction of metal oxides depending on
the type of input material [12,17,18]. Syngas chemical composition varies depending on the raw
materials and the processes. Syngas produced by coal gasification generally consists of a mixture of
30–60% carbon monoxide, 25–30% hydrogen, 5–15% carbon dioxide, 0–5% methane. Syngas production
is an endothermal process that requires high temperature (T > 1173 K) for its equilibrium.

The effect of geometric parameters on the thermal efficiency of a solar dish receiver was investigated
by Wang and Siddiqui [19] and Suter et al. [20]. They developed pore-level engineering for microporous
media to enhance the performance of solar-driven thermochemical fuel production. In order to optimize
the volumetric air receiver efficiency of the reactor, Wu et al. [21] performed a numerical simulation of
convective heat transfer between airflow and ceramic foams. In addition, a P1 approximation radiation
model for the study of irradiative heat transfer was proposed by Cheng [22,23].

Different radiation models have been proposed to examine the radiation distribution in reactors.
Wang et al. [24,25] and others developed different models [26–28] for radiative transfer in analyzing
the thermal performance of porous solar media and the thermal transmission of solar reactor
thermoacoustics for the production of syngas. In addition, radiation models have been proposed that
can resolve sunlight intensity across all the participating media involved in the analysis of the thermal
performance of solar reactors for syngas. Bellan et al. [29] developed a thermochemical reactor and
demonstrated how radiation heat transfer is calculated by using a surface-to-surface (S2S) radiation
model. They also analyzed the thermofluid flow, absorption efficiency and predicted the temperature
distribution as a function of time. Lougou et al. [30–33] suggested that geometry is vital for effective
uniform thermal distribution in a reactor and showed that inlet parameters such as velocity, pressure,
radiation loss at radiation inlet region and aperture region have an impact on temperature drop and
thermal performance of a thermochemical reactor. Peng et al. [34] studied heat transfer by using
discrete element method (DEM)-based model simulations of thermal processes. Schrader et al. [35]
proposed a 5 kW granular-flow reactor with aluminum-doped calcium manganite particles for solar
thermochemical energy storage. Bellouard et al. [36] designed, simulated and studied a directly
irradiated solar chemical reactor for hydrogen and syngas production from continuous solar-driven
wood biomass gasification. They developed a new concept of a solar-spouted-bed reactor with
continuous biomass injection in order to enhance heat transfer in the reactor, to improve gasification
rates and gas yields by providing constant stirring of the particles and to enable continuous operation.
Yong Shuai et al. [37] studied heat transfer analysis of a solar-driven high-temperature thermochemical
reactor using NiFe aluminate reusable plastic containers. They analyzed how the reacting medium is
affected by radiation heat transfer and how the heat distribution is supported in the production of
oxygen and hydrogen in the reacting medium, which are facilitated by convective reactive gas moving
through the medium’s pores.
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According to abovementioned literature, there is ample knowledge on heat storage,
thermochemical heat analysis and receiver cavity design regarding many factors and parameters that
affect reactor thermal performance. There is no clear knowledge of the effect of outlet tube design,
insulating layer thickness, insulation inlet tube above quartz glass at both sides of frustum edges
when the inlet tube is located at the edge of the quartz glass in a reactor. Moreover, these parameters
are reported to have significant effect on the thermal performance of a solar rector with respect to
the heat applied through the quartz glass in a reactor. For example, Lougou et al. [32] studied the
thermal performance of a syngas reactor and explained the importance of fluid inlets in avoiding solid
deposition around the frustum region. However, the author did not study the effect of location of
the fluid inlets on the thermal performance of the reactor. Bellouard et al. [36] used three fluid inlets
on the frustum of a reactor but did not indicate the importance and location of these fluid inlets in
the reactor. The authors used insulation above the quartz glass but did not discuss its impact on the
thermal performance of the reactor.

Therefore, the objective of this current study is to simulate and study the effect of parameters on
the thermal performance of a syngas reactor, such as the type of wall material, the type of external
insulating material, the location of carrier gas inlets on the frustum, the insulation above the quartz at
frustum edges and the insulation layer thickness for the outlet tube. In addition, optimal conditions
for efficient heat transfer in the reactor are proposed.

2. Methodology

2.1. Model Description

The thermal simulation was done for the validation of the reactor design and the cavity dimensions.
In achieving the uniform thermal temperature distribution and maximum outlet temperature in the
reactor, COMSOL Multiphysics (Version 5.3, COMSOL Inc., Stokolem, Sweden) software was used
by selecting suitable geometry and proper use of insulation thickness. The thermal performance of
the reactor was analyzed with a P1 radiation model coupled with shallow channel approximation.
This model was used to investigate the heat flux distribution along the reactor. The governing and other
related basic thermodynamic equations were solved using finite element technique in the COMSOL
Multiphysics 5.3 software. The objective of the simulation was to determine the maximum outlet
temperature based on the available solar input in the outlet tube, to predict the temperature distribution
profile in the reactor and to ascertain if high temperature could be reached for the needed application
and if the dimensions are suitable to achieve the required outlet temperature.

Figure 1 shows the 2D schematic diagram of the proposed solar thermochemical reactor used
for the numerical simulation. The boundary fields of the reactor are characterized by reactor inlets,
wall and outlet. The wall was protected by a constant cold-wall temperature of 298 K (sections AK,
MBE, FCL and GD in Figure 1); two opposite gas inlets (sections KM and GL in Figure 1), 0.375 cm
in diameter, on the base of the quartz glass; one outlet (point EF in Figure 1) with a diameter of
0.75 cm and a 0.3 cm thick quartz glass. (section DN in Figure 1) and (section RA in Figure 1) denote
radiation loss. All the walls were insulated by a high-temperature resistant metallic alloy aluminum
oxide (3.4 cm). The boundary wall and frustum were made from a high-temperature resistant metallic
FeCrAl alloy with a melting point close to 1800 K (0.4 cm thick and able to withstand up to 2000 K,
35 W/m·K thermal conductivity at 1600 K, 7100 kg/m3 density, 800 J/kg·K at 1600 K heat capacity
and 0.7 emissivity). As shown in Figure 1, the cavity had a width of 4.5 cm and a height of 11.5 cm,
a receiver (section RN in Figure 1) with a diameter of 7.5 cm and aperture diameter of 2.1 cm. Nitrogen
was the carrier gas for the reactor. This gas works to sweep and remove particles deposited from the
region of the receiver to the cavity.
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Figure 1. Schematic diagram of the proposed model for the heat storage reactor including the
computational domain used for the simulation.

2.2. Simulation Setup

COMSOL Multiphysics 5.3 software was selected for the thermal performance and prediction of
the outlet temperature for the proposed reactor. A 2D geometry was chosen the from the COMSOL
application model wizard. A geometry was built using AutoCAD (version 16.0, Autodesk, Inc., San
Rafael, CA, USA) software and was then imported into the graphics window. From the material tab,
the wall materials were selected and added to the boundaries and domains of heat transfer in fluid and
laminar flow nodes. From model builder, under the component heat transfer node, solid and liquids
were selected, which were the domains of the reactor. The boundary conditions were selected. These
boundary conditions were two opening boundaries: “opening boundary 1” was for the outlet, and
“opening boundary 2” was for the inlet. Three diffused surfaces were applied on the frustum and
quartz glass edges. Two layer thicknesses were selected: one layer thickness (0.4 cm) was applied on
the reactor wall, including the frustum edge, and the other layer thickness was applied for the quartz
glass edge (0.3 cm). Four temperatures were selected: applied radiation temperature (T1) was 1600 K,
cooled-wall temperature (T2) was 283 K and applied at the external wall of the insulator edges, inlet
temperature (T3) and outlet temperature (T4) were 293.5 K and 293.5 K, respectively. From the heat
transfer node, the radiation participation media was selected and added to the liquid domain, and
for the physical model, surface-to-surface and radiation participating media were also added. From
participation media, radiation discretization method was selected, followed by the selection of the P1

radiation model. In the laminar flow node, two inlets with 11 × 10−4 kg/s mass flow rates each and
one outlet boundary with zero pressure were added. By default, the liquid was confined within a
wall. From the laminar tab under the weakly compressible gases setting, parameters namely shallow
channel approximation, reference channel thickness, reference temperature and pressure were selected
and applied. Nonisothermal physics was selected and used for the coupling of the heat transfer in
the liquid and laminar flow. This was followed by selection of the mesh, which was a user-controlled
free triangular mesh. Applying all boundary conditions in Table 1 to Figure 1, and adjusting the time
dependent simulation in the time check box to 0, 1 and 90, the work was stimulated for 90 min and the
results were analyzed.
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Table 1. Boundary conditions.

Section Boundary Type Mass Flow Energy

Inlet tube one (KM) Laminar–Inlet Mass flow rate Temperature 293.15 (K)
Inlet tub two (LG) Laminar–Inlet Mass flow rate (kg/s) Temperature 273.15(K)

Irradiated walls or diffused surface
(edges of the frustum) Walls 0.0 q = e

(
G− sT4

)
+ qd

External Boundaries (AB, BC and CD) Wall 0.0 q = h(Tamb − T)

Quartz window (NR) Wall 0.0 q = h(Tamb − T) + eexts(TY= − T)

Outlet (EF) Pressure outlet ∂Vi
∂n = 0 ∂T

∂n = 0

Variables q, h, Tamb, T, eext, s and qd are heat flux, heat transfer coefficient, ambient temperature, temperature,
emissivity, Stefan–Boltzmann constant and diffused heat flux, respectively.

2.3. Assumptions

The following assumptions were made:

(a) The gas used in the simulation was nitrogen and assumed to be weakly compressible
(0.01 absorption coefficient and zero scattering effect);

(b) Opaque gray diffused surface was neglected;
(c) The solar thermal energy distribution inside the reactor was assumed as a steady-state solver;
(d) The simulation was conducted by assuming that boundaries, radiate walls and the temperature

flow in the cavity were uniform and not varied;
(e) The P1 radiation models selected for heat transfer were coupled with shallow

channel approximation;
(f) The initial temperature at the beginning of the simulation was 293.15 K and this temperature

included the walls, cavity and the nitrogen gas inside the reactor;
(g) The walls were made of zirconia (ZrO2eY2O3) and 3Al2O3–2SiO2 (mullite) solid (36% porosity),

and the wall thickness and emissivity were 0.4 cm and ε = 0.7, respectively.

2.4. Governing Equations

To predict the instantaneous temperature distribution and the fluid flow inside the reactor,
a numerical model was developed assuming that the flow was laminar and the continuity conservation
equation, momentum conservation equation and energy conservation equation for the solar thermal
energy reactor were calculated. Hence, the governing equations for the thermofluid flow inside the
reactor are given by Equations (1)–(3) [29]:

ρ
∂u
∂t

+∇ · (ρu) = 0 (1)

ρ
∂u
∂t

+ ρ(u · ∇)u = −∇P +∇
[
µ
(
∆u + (∇u)T

)
−

2
3
µ∇u

]
(2)

ρcp
∂T
∂t

+ ρcpu · ∇T = ∇ · u(k∇T) (3)

where ρ, u, P, µ, k, T and cp are density, velocity vector, pressure, dynamic viscosity, thermal conductivity,
temperature and specific heat, respectively. Equation (1) states the mass conservation, Equation (2)
states the momentum conservation and Equation (3) is the energy conservation equation

The incident radiation flux intensity for P1 radiation models is calculated using Equation (4):

Qr = ∇qr = κ(G− 4πIb(T)) (4)

where Qr is the radiative heat source, qr is conductive heat flux, κs absorption coefficient, Ib(T) is
radiation intensity and G is incident flux.
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The heat equation is written as:

Cp

(
∂T
∂t

+ u · ∇T
)
+∇.q = κ

(
G− 4πnσT4

)
+ αpT

(
∂P
∂t

+ u · ∇P
)
+ τ : ∇u + Q (5)

Ib(T) =
n4

r T4

π
(6)

where nr, τ and αp are the index of refraction, viscous tensor, and coefficient of thermal
expansion, respectively.

The balanced radiation transfer equation are found in Equations (7)–(10) [22,23]:

dIr,s

ds, = ∇(Ir,s) = Ib,r − (κ+ σr,s)Ir,s −
σr,s

4π

∫
4π

Ir,s∗(s∗, s)ΦdΩ∗ (7)

where κ and σs are the absorption and scattering coefficients, respectively.
The general radiation flux transfer in a medium can be described as:

G =

∫
I(Ω)dΩ (8)

The heat source can be described by the following equations:

−∇(∇P1∇G) = Qr (9)

DP1 =
1

3κ+ σs(3− a1)
(10)

where a1 is the linear Legendre coefficient of scattering phase function and Qr is the radiative heat source.
When the scattering model a1 = 0, Equation (10) becomes:

DP1 =
1

3κ+ 3σs
(11)

for σs = 0 and DP1 = 1
3κ , Equation (9) can be expressed as follows:

∇(∇P1∇G) = Qr,∇ ·
( 1

3κ
∇G

)
= κG− 4πεσSBT4 (12)

From Equation (4), it can be shown that the radiative heat transfer was added to the system,
which can now be expressed as:

−∇qr = κG− 4πεσSBT4 (13)

2.5. Boundary Conditions

The applied physical parameters and boundary conditions are shown in Table 1; the inlets are
located at the base of the quartz window and in opposite directions. The nitrogen gas flows at
1 atm with 293.15 K, and 11 × 10−4 kg/s mass flow applied at each inlet. The thermal reactor was
horizontally fixed and, as seen in Figure 1, the radiation temperature was applied to the quartz glass.
The ambient surroundings behaved as a black body, and cold-wall temperature (298 K) was applied on
the boundaries (AB, BC and CD). Table 1 also indicates the type of boundaries and applied conditions.

2.6. Model Validation

Figure 2 shows the temperature distribution of the proposed reactor compared to that of
a conventional reactor [25]. The validation was computed from reference [25] for both P1 and the
Rosseland approximation models. Comparing the models, as it can be seen from the Figure 2,
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both graphs almost overlap one another. This indicates that the P1 approximation radiation model
can effectively analyze what was done in reference [25] with Rosseland approximation model. It was
found that the maximum absolute error between both models was 1.99%, indicating that the model
utilized in this study was efficient. However, there were slight variations inside the reactor. This was
possibly due to the differences in boundary conditions, geometry design and the type of mesh used
during the simulation.
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Figure 2. Temperature distribution in the proposed reactor compared to a conventional reactor [25]
under 1600 K applied radiation heat flux on quartz glass with 5 × 10−4 kg/s mass flow and 1 atm.
This was computed with the proposed P1 radiation model and the Rosseland radiation approximation
derived from [25].

2.7. Grid Independent Tests

Figure 3b indicates the heat transfer along the cross-section and the scale of temperature.
A grid-independent test was conducted on the mesh model at the beginning of the simulation process
as shown in Figure 3a. Eleven meshes (6816; 26,065; 58,017; 90,478; 118,168; 160,516; 284,912; 360,191;
469,243; 641,599; 42,302) were modeled under 1600 K, 11× 104 kg/s and 1 atm (Table 2). From Figure 3c,d
and Table 2, the change in temperature corresponding to the change in the number of cells and the
percentage change were computed and it was observed that as the cells increased from 19,249 to
125,000, the average outlet temperature decreased. However, as change in cells increased from 125,000
to 300,000, the percentage change became nearly constant (Figure 3d). However, as the change in cells
increased further from 175,000 to 300,000 the percentage change became perfectly constant. This implied
that the increase in cell number did not affect the temperature. Based on the result, it was possible to
select cell numbers between 160,516 and 942,302 (N, 160,516 ≤N ≤ 942,302), however, 284,912 mesh
type was selected for this study.

Table 2. Percentage change in temperature with number of cells.

∆N ∆T ∆T
∆N ·100% Rounding to Three Digits

19,249 21.6 0.1122 0.112
31,952 7.7 0.0241 0.024
32,461 3.2 0.00985 0.01
27,690 1 0.0036 0.004
42,348 1.3 0.0031 0.003

124,396 1.6 0.0013 0.001
75,279 0.6 0.000797 0.001

109,052 0.2 0.000183 0
172,356 0.5 0.0002900 0
300,703 0.6 0.0001900 0
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Figure 3. Grid independent analysis at 1600 K applied radiation heat flux on quartz glass with
11 × 10−4 kg/s mass flow rate of fluid inlet velocity and 1 atm in the proposed heat storage reactor:
(a) mesh, (b) temperature distribution in the reactor, (c) temperature distribution with different cell
number and (d) the percentage change of temperature to the change of number of cells.

3. Result and Discussion

3.1. General Heat and Fluid Flow

The present study proposed a syngas reactor (Figure 1) that received concentrated solar directly
through a quartz glass window [38–40] that was equivalent to 1600 K radiation temperature and
utilized the boundaries indicated in Table 1. The radiation temperature coming from the source entered
the reactor through a quartz glass and directly impinged on the frustum. The wall or diffused surface
was made up of FeCrAl with an emissivity coefficient of 0.7. The incoming radiation flowed with
low absorption to the cavity with increase in time, which led to increased absorption of heat flux and
a temperature increase in the cavity. The fluid flowed through two opposite inlets, then diverged to the
inner surface and converged at the center of the reactor axis. This diverging and converging flow of
inlet fluid facilitated heat entry into the inner portions of the cavity. As fluid flow continued towards
the outlet region, there was no return flow to the aperture. This resulted in no deposition of solids
around the quartz window, thus enhancing aerodynamic curtain and increasing the velocity towards
the outlet. This is also attributed to decrease in the cross-section and increase in thermal expansion.
The heat flux that was maximum at the quartz glass decreased slightly at the end of the cross-section.
As the fluid flowed along the cross-section of the reactor, it was observed that the fluid-absorbed flux
was heated. Also, there was loss of heat around the radiation inlet region and the aperture region, and
conduction and convective heat losses occurred due to heat transfer to the environment.



Energies 2020, 13, 3405 9 of 19

3.2. Impact of the Insulated Layer Thickness and Insulator Type on the Outlet Tube Design

Proper design is critical for the development of a reactor and its heat transfer effectiveness.
The different parts for the assembly of a reactor, such as the receiver and aperture, and the parameters
such as cavity width, height and inlet and outlet diameters are important in achieving optimal outlet
temperature for efficient harnessing of solar radiation. Other factors, such as wall material selection
and insulation, play a role in a syngas production reactor and are also very important for achieving
optimal outlet temperature. From Figure 4c,d, it can be seen that maximum average outlet temperature
was attained when the tube was insulated with Al2O3. This implied that the physical property of the
insulator played a vital role in the thermal performance of a reactor; as the result, aluminum oxide was
found to be important for both uniform temperature distribution of the reactor and the average outlet
temperature. However, Figure 4b revealed that maximum density was attained when the tube was
insulated with FeCrAl, and the latter exhibited the lowest average outlet temperature (Figure 4c,d).
From Figure 4a, it can be observed that the thickness of the boundary layer increased with increase in
average outlet temperature. This increment in outlet temperature was maximum when the thickness
of the outlet tube layer was 50 mm. However, greater layer thickness caused the heat to be stored
in between the particles of the walls of the insulator. This resulted in the intended temperature not
reaching the outlet tube, thus, leading to possible damage of the reactor.
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Figure 4. Temperature distribution at 1600 K applied radiation heat flux on quartz glass with
11 × 10−4 kg/s mass flow rate of fluid inlet velocity and 1 atm for different boundary materials in
the proposed heat storage reactor: (a) average outlet (Oav) temperature as a function of outlet tube
thickness, (b) density as a function of thermal insulator axial length, (c) temperature as a function of
thermal insulator axial length and (d) average outlet temperatures for different boundary materials.
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3.3. Impact of Wall Materials on Reactor Thermal Performance

Different wall materials were computed and analyzed for their impact on the thermal performance
of the proposed reactor (Figure 5). Using the COMSOL material library, the computation was done by
comparing wall materials: FeCrAl alloy (with a melting point close to 1773 K (density of 7100 kg/m3,
thermal conductivity of 35 W/m·K at 1673 K, heat capacity of 0.8 k.J/kg·K at 1673 K and emissivity of 0.7);
zirconia (ZrO2eY2O3) (density of 5700 kg/m3, thermal conductivity of 2.2 W/m·K at 298 K, heat capacity
of 0.5 kJ/kg·K at 298 K and can withstand temperatures up to 1873 K) [36]; and 3Al2O3−2SiO2 (mullite)
solid (36% porosity and temperature dependent density ρ(T) = (ρ(T(1/K))(kg/m3), thermal conductivity
k(T) = k (T(1/K))(W/(m·K)) and a heat capacity of 0.84 k J/kg·K.
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Figure 5. Temperature distribution at 1600 K radiation temperature applied on quartz glass with
11 × 10−4 kg/s mass flow rate and 1 atm for the proposed reactor: (a) temperature distribution for
different wall made material, (b) the average outlet (Oav) temperature for different k values and
(c) average surface (Sav) temperature of the reactor for different k values.
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Figure 5a reveals that the wall made from FeCrAl had the lowest thermal performance when
compared with the other wall materials. By keeping the other parameters constant and evaluating
the thermal conductivity function of k(T) = k (T(1/K))(W/(m·K)) using k = 0.22 and k = 0.15 from the
wall made from 3Al2O3–2SiO2, the result indicated that both the average outlet and average surface
temperatures were highest at k = 0.15 > k = 0.22 > k(T) for all wall materials, but all wall materials had
different thermal conductivities Figure 5b,c. Therefore, the thermal performance of the reactor was
critically affected by the wall material thermal conductivity. Overall, wall material with high thermal
conductivity, such as FeCrAl alloy, had the lowest thermal performance. It is important to mention
that wall materials with high thermal performance may be susceptible to high heat loss, this is because
conduction heat is directly proportional to thermal conductivity, which leads to high heat loss in the
external insulator domain. This occurrence has a negative impact on heat storage that may lead to
damage of the reactor. Thus, in this study, FeCrAl alloy was used as the wall material due to the fact
that all other wall materials considered in this present study did not pass through laboratory analyses
in previous studies, and for the purpose of this study, their properties were assumed (see Section 2.3).
In the case of FeCrAl alloy, Bellouard et al. [36] experimentally verified FeCrAl alloy in a directly
irradiated solar chemical reactor for hydrogen and syngas production, and revealed that a material
thickness of 0.3 cm could withstand up to 1873 K. Therefore, the simulation result in this current study
highlighted that there are other wall materials that have good thermal performance for the production
of a syngas reactor. However, these materials will require experimental verification.

3.4. Impact of Inlet Tube Insulation

From Figure 6a, it is seen that keeping other input parameters constant and varying the location
of the fluid inlet tubes and their insulation condition alters the temperature distribution in the
reactor. As the inlet tubes were located immediately at the applied heat source boundary and its
insulated material elongated above the quartz glass, as shown in Figure 6d, it was found that the
temperature distribution was more uniform than the inlet tubes located below the quartz glass edges
at opposite ends. This suggests that the inlet tubes located near the heat source boundary prevented
the deposition of solid particles, hence, hindering heat transfer into the reactor and consequently
affecting the thermal performance of the reactor. From Figure 6b,c, both average surface outlet and
average outlet temperatures were greater for inlets at the quartz glass edge than those below the
quartz glass edge. This is because, as fluid flows through the radiation inlet region, besides avoiding
solid deposition around the frustum, the fluid takes radiation away from the inlet region to the cavity.
From Figure 6a, as the fluid flow increased beyond 8 × 10−4 kg/s, the average surface temperature
decreased, whereas, the average outlet temperature increased, as shown in Figure 6b. From Figure 6d,
it can be easily seen that there was no temperature concentration at the quartz boundary, but in
Figure 6d, note that there was concentrated temperature around the quartz glass boundary, which
was not evacuated to the reactor and exposed for reirradiation. It is possible to conclude that both
inlet locations at the quartz glass edges and insulation above the opposite ends of the quartz glass of
a reactor are important for uniform temperature distribution and enhancement of high heat transfer
into the reactor cavity, with the latter factor being the most important.
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Figure 6. Temperature distribution at 1600 K applied radiation temperature on quartz glass with
11 × 10−4 kg/s mass flow rate and 1 atm for the proposed reactor: (a) temperature distribution for the
inlet tube located on and below the quartz glass edge, (b) average surface (Sav) temperature for the
inlet tube located at and below the quartz glass edge, (c) average outer (Oav) tube temperature for the
inlet tube located at and below quartz glass edge, (d) axial temperature distribution for the inlet at the
quartz glass edge and (e) axial temperature distribution for the inlet below the quartz glass edge.

3.5. Impact of Mass Flow Rate on Thermal Performance

From Figure 7a, as the mass flow rate increased from 5 × 10−4 kg/s to 14 × 10−4 kg/s, the cavity
temperature distribution increased but the temperature drop increased from 0 to 0.02 m around
radiation inlet region and 0.02 m to 0.05 m in the aperture region. When the flow rate increased the
dropping temperature in the frustum region, the cavity and outlet temperatures increased. This suggests
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that more mass flowed into the cavity and more heat was transferred to the cavity; as a result, the cavity
heated because of heat absorption by the fluid in the cavity. Consequently, convective heat flux
increased, but further increase in mass flow rate resulted in increased velocity and collision of particles
from opposite sides of the inlet tubes, which developed kinetic energy that was later converted to
heat. The development of kinetic energy led to the presence of more heat around the frustum region,
thereby increasing instability around this region, as illustrated in Figure 7a. However, as flow rate
was ≤5 × 10−4 kg/s, the thermal performance was uniform but lower than the outlet temperature,
although for this current study, 11 × 10−4 kg/s was selected to absorb the outlet temperature (Figure 7a).
From Figure 7b, as the temperature applied through the quartz glass increased, the cavity and the
outlet temperatures increased.
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Figure 7. (a) Temperature as a function of different mass flow rates at 1 atm and (b) temperature as
a function of axial length at 5 × 10−4 kg/s and 1 atm.

3.6. Impact of Thermal Performance on Inlet Condition

From Figure 8a, the distribution temperature was more uniform for the inlet on the top of the
frustum (0 cm). This was attributed to low reirradiation and less sedimentation of solid particles that
affected the thermal performance of the reactor and as the result, more incident flux was absorbed by
the gas inlet position in this region.

However, the inlet tubes located far from the top of the frustum (0.5 cm and 1.25 cm) had a high
drop in temperature and high reirradiation. As a consequence, the cavity temperature and the average
outlet temperature were low. In Figure 8b, maximum velocity occurred at 0 cm or at the top of the
inlet region because there was high thermal performance and low solid deposition in this region,
which might be a factor for reducing velocity. Comparing the three fluid inlet locations of the reactor in
Figure 7c, it was found that uniform heat flux and magnitude of heat flux occurred around the quartz
glass edge inlet location on the frustum. In Figure 8d, there was high conduction heat in the frustum at
the radiation inlet 0 to 0.03 m regions, and aperture regions from 0.03 to 0.05 m. This was possibly
due to the fact that high thermal performance would affect the wall region of the frustum that caused
conduction heat loss to the wall material. In Figure 8a–c, it was observed that when the location of the
fluid inlets was far from the quartz horizontal, the radiation loss increased and thermal performance
of the cavity decreased. This was due to concentrated re-irradiated heat and was thus exposed to
conduction loss and convective heat transfer to the environment. Therefore, the appropriate fluid inlet
location was the top region of the frustum. The heat transfer at different inlet locations of the quartz
glass edge of the reactor is shown in Figure 8e,f.
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Figure 8. Effect of carrier gas inlet position on the frustum starting from the top, at 1600 K applied
radiation heat flux on quartz glass with 11 × 10−4 kg/s mass flow rate of fluid inlet velocity and 1 atm in
the proposed heat storage reactor: (a) temperature distribution, (b) velocity distribution, (c) magnitude
of heat flux flow distribution, (d) conduction heat transfer, (e) heat transfer for the inlet at the quartz
glass edge, (f) heat transfer for the inlet located 0.5 cm below the quartz glass edge and (g) heat transfer
for the inlet located 1.25 cm below the quartz glass edge.
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3.7. Instantaneous Temperature Distribution

As time increased, the absorbed temperature inside the cavity increased (Figure 9). From Figure 9a,
as time increased from 10 to 90 min, the concentrated flux around the frustum started to distribute inside
the cavity, temperature distribution increased and attained maximum at 90 min. The average surface
temperature and average outlet temperature increased from 600 to 3000 s (Figure 9b,d). However, from
3000 s onwards, the average outlet and average surface temperature became constant. This indicates
that effective absorption took place at 3000 to 5400 s (Figure 9c,d). As the temperature distribution in
the cavity increased with time, the outlet temperature increased.
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4. Conclusions

A syngas production reactor for solar energy application was developed and its thermal
performance evaluated. A P1 radiation approximation model and a shallow channel approximation
coupling fluid flow were used to analyze the applied radiation intensity, as well as the temperature
distribution in the reactor. It was found that the fluid inlet location, mass flow rate, wall material,
layer thickness and insulator type for the outlet tube had significant effect on the thermal performance
of the proposed reactor. Locating the fluid inlets at the quartz glass edge and insulation above the
quartz glass edge for inlet tubes prevented reirradiation, thereby increasing the internal temperature
distribution and the average outlet temperature of the reactor. Locating the fluid inlet tubes near the
applied heat source facilitated the migration of heated particles into the internal part of the reactor. This
inlet tube location was important in preventing particle sedimentation around the quartz glass edges.
However, locating the inlet tubes far from the applied radiation heat source increased reirradiation
due to sedimentation of particles near the heat source edge, which affected the uniform temperature
distribution along the axial length of the reactor. In situating the inlet tubes near the quartz glass edge,
the insulator must be installed above the opposite ends of the quartz glass edge, as this will hinder
radiation loss and facilitate heat transfer towards the inner cavity of the reactor. Applying a 1600 K
radiation temperature to the quartz glass and 11 × 10−4 kg/s mass flow on each inlet tube led to an
average outlet temperature of 1097 K at end of the outlet tube. It was also possible to achieve radiation
temperatures >1200 K for cavity cross-sections <0.18 m. Furthermore, it was deduced that the wall
material thermal conductivity was a dominant factor in achieving optimal thermal performance of the
reactor. Moreover, high wall thermal conductivity led to high conduction heat loss, which consequently
decreased the thermal performance of the reactor. An aluminum oxide-type insulator with 50 mm layer
thickness applied at the boundary of the outlet tubes of the reactor produced an optimal maximum
average outlet temperature and uniform distribution of temperature. For the outlet tube, a boundary
layer thickness range of 50 to 55 mm was found to be appropriate for the thermal performance of the
reactor. Further increase above this boundary layer thickness range damaged the reactor by increasing
the accumulation of heat in between the inner boundary layers, which prevented transfer of heat to the
outer insulation domain of the reactor. Mass flow rates between 4 × 10−4 to 11 × 10−4 kg/s for each inlet
achieved maximum outlet temperature and elicited good thermal performance. Overall, in achieving
high-temperature flow inside the cavity, the reactor will be properly designed and the geometry of the
reactor will be optimized.
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Nomenclature

cp Specific heat capacity J/(kg·K)
G Incident radiation intensity W/m2

h Thermal flux coefficient W/(m2/K)
I Radiation intensity W/(m2

·sr−1)
k Thermal conductivity J/ (m·K)
T Temperature K
nr Refraction index -
P Pressure Pa
Qrad Radiation heat source W/m3

u Velocity vector m/s
Greek symbol
αp Coefficient of thermal expansion 1/K
ε Emissivity -
κ Absorption constant 1/m
µ Dynamic viscosity Pa·s
ρ Fluid density kg/m3

σS Scattering coefficient 1/m
σSB Stefan–Boltzmann constant W/(m2

·K4)
Φ Scattering phase angle radian
Ω Solid angle Steradian (sr)
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